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Preface 



The tribology term comes from the Greeks of the words " tribos" meaning " friction ", 
and "logos" meaning " law ". Therefore Tribology is defined as " a science which stud- 
ies surfaces moving one compared to the other " and also a field of science studying 
lubrication, friction, and wear. 

This book aims to recapitulate old informations available and brings new informations 
that are with the fashion research on an atomic and nanometric scale in various fields 
by introducing several mathematical models to measure some parameters character- 
izing metals like the hydrodynamic elasticity coefficient, hardness, lubricant viscosity, 
viscosity coefficient, tensile strength .... It uses measurement techniques very devel- 
oped and nondestructive such as the optical and thermal methods like those used with 
chapters I, II. 

The principal distinction of this book is that it brings practical manners to model and 
to optimize the cutting process using various parameters and different techniques, 
namely, using water of high-velocity stream, tool with different form and radius, the 
cutting temperature effect, that can be measured with sufficient accuracy not only at a 
research lab and also with a theoretical forecast. 

Therefore this book aims to minimize and eliminate the losses resulting from surfaces 
friction and wear which leads to a greater machining efficiency and to a better execu- 
tion, fewer breakdowns and a significant saving. 

A great part is devoted to lubrication, of which the goal is to find the famous techniques 
using solid and liquid lubricant films applied for giving super low friction coefficients 
and improving the lubricant properties on surfaces. 

To recapitulate the book contains twenty three chapters which can be arranged in four 
sections entitled as follows: 

• Tribology of Thin Layers 

• Tribology in cutting 

• Tribology and low friction 

• Tribology and Lubrication 

The sessions which are quoted before and their contents are enumerated and devel- 
oped below: 
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Part 1 Tribology of Thin Layers 

CHAPTER 1 STUDY OF CRALN MULTILAYRED THIN FILMS. 

This chapter stipulates that the characterizations microstructural, morphological and 
physicochemical of a various multi-layer coatings deposited on surface are essential, of 
which the objective is it to connect the mechanical properties of these deposits to their 
macroscopic study like the forces of adhesion and microscopic like the pores surface 
and the cells sizes by using methods of optic and thermal characterizations like the 
AFM and the PTD technique. 

CHAPTER 2 OPTICAL CHARACTERIZATION OF ELASTOHYDRODYNAMIC LUBRI- 
CATION PRESSURE WITH SURFACE PLASMON RESONANCE 

This chapter completes recent advances of optical techniques for Elastohydrodynamic 
lubrication (EHL) studies and reports a recent application of surface plasmon reso- 
nance (SPR) sensing for the imaging of EHL point contact. A nondestructive technique 
based on the interference of two luminous rays, one collimated beam incidents and the 
other reflects on the sensing surface at the resonance angle (-65°). After enlargement 
the SPR image is further processed by an image analysis program for two dimensional 
Hue profile extraction and processing and using an experimental calibration curve, 
the Hue profile is further converted into corresponding refractive index distribution. 
Finally, the map of SPR resonance minimum is converted to corresponding RI distribu- 
tion with the help of a calibration curve it could noticed that only a small increase in 
refractive index is found in the outermost region of the dimple, which corresponds to 
the contact zone between the steel ball and the glass surface. 

CHAPTER 3 TRIBOLOGICAL PROPERTIES OF FLUORINATED AMORPHOUS CAR- 
BON THIN FILMS 

In this chapter the atomic flat layers on surface samples are manufactured with very sig- 
nificant tribological properties and which are used for significant applications such as 
hard drive disk coating. Among the deposition it shows the importance of the technique 
known in the literature as diamond-like carbon (DLC), which can only be obtained at 
conditions far away from equilibrium, and so it is not spontaneously found in nature. 
The control of the growth parameters broadens the field of microstructures and, in par- 
allel, the properties of this material, which can only be synthesized in thin film form. 

The fastest growing market for DLC simplify the manufacture of multilayers tribologi- 
cal coatings, this coating it implanted with protective films, which can reduce corrosion 
and wear, may extend the lifetime of implants by preventing or alleviating the afore- 
mentioned issues. The friction coefficient of the sample depends to the etching dura- 
tion it varies from 13% for 15 min to 26% for 30 min this variation may be ascribed to the 
trapping effect of the pits defined by the micro-pillars that appears on the surface. 

CHAPTER 4 DEPOSITION AND TRIBOLOGY OF CARBON AND BORON NITRIDE 
NANOPERIOD MULTILAYER HARD AND SOLID LUBRICATING FILMS 

The aim of this chapter is focused on developing a new solid lubricant film with an ex- 
tremely low friction which usual simple film and mixed film material lacked of carbon 
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and boron nitride nanoperiod multilayer (C/BN)n whish are deposited by RF sputter- 
ing using two semicircular targets. Nanoindentation and microwear tests were carried 
out to investigate the nanometer-scale deformation properties, macroscopic friction 
coefficient and sliding endurance of these films. 

CHAPTER 5 FERROFLUID SEALS 

This chapter intends to explain how ferrofluid seals are formed in magnetic structures 
by presenting a simple analytical model to describe their static behavior. The seal shape 
and performances are described with regard to the magnetic structure. The evaluation 
of the seal static capacity is given. Moreover, the seal shape changes when the seal is 
radially crushed by the inner cylinder: these changes are described and calculated and 
the radial force exerted by the ferrofluid on the moving part is determined as well as 
the stiffnesses associated. Then, various magnetic structures are presented and stud- 
ied to illustrate the magnet role and deduct some design rules for ferrofluid seals with 
given mechanical characteristics. 

Part 2 Tribology in Cutting 

CHAPTER 6 CHARACTERISTICS OF ABRASIVE PARTICLES AND THEIR IMPLICA- 
TIONS ON WEAR 

This chapter studies the characteristics affecting the wear rate caused by the abrasive 
particles such as Geometry, hardness and size and their implications on wear. The 
effect of abrasive particle size in wear on mass loss of mottled cast iron with different 
retained austenite contents was studied, a high increase of mass loss with abrasive size 
can be observed, up to approximately 70 microns. After this, a scheme shows how the 
increase of particle size can mean a change only in the height roughness parameter 
with no variation in the slope of surface. Specific energy for cutting as a function of tool 
radius, it is high for small particles. 

An experimental study is undertaken to low-carbon steel and the measurement of its 
mass losses and friction coefficients, it is possible to calculate the abrasion factor, f a b, 
by using the relationship: f ab = K A / \i ¥ where K A is the wear coefficient and /i P is the 
ploughing component of the friction coefficient and after it make that possible to con- 
clude that the A q roughness which discriminating the effect of particle size under se- 
vere wear, which shows that the abrasive characteristics are changed a little during the 
mechanical contact. 

CHAPTER 7 TOPOGRAPHICAL CHANGE OF ENGINEERING SURFACE DUE TO 
RUNNING-IN OF ROLLING CONTACTS. 

This chapter studies analytically, experimentally and numerically the topographical 
change due to running-in of rolling contact. A running-in model of rolling contact by 
considering the deterministic contact of the engineering surface has been proposed 
which performs a good agreement with the experiments. Finite element simulations of 
two-dimensional rolling contact model contribute in illustrating the truncation of the 
highest asperity, the contacted stress and the residual stress due to plastic deformation. 
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The comparison of the repeated static contact and the repeated rolling contact leads 
un-similarity in material transfer direction and asperity deformation. This investiga- 
tion can contribute in predicting the initial, the change, and the final of the surface to- 
pography for a success running-in stage. Running-in plays an important role in plastic 
deformation, friction and wear of tribology systems during the steady-state period. 

CHAPTER 8 TRIBOLOGY IN WATER JET PROCESSES 

This chapter describes the history of water jetting technology, high-pressure pumps 
and water jet machining systems, various water jets used in water jet processes, and 
material removal mechanisms of water jets. Several points influencing the efficiency, 
reliability, and lifetime of the high-pressure pump such as Friction and wear between 
the cylinder and the piston were studied; and also it shows that the corrosion and 
erosion in valves and nozzles are serious problems that affect the reliability of water 
jetting systems. 

CHAPTER 9 THE ELLIPTICAL ELASTIC-PLASTIC MICROCONTACT ANALYSIS. 

This work accounted the relationship between the geometry and material to study 
the behavior of an ellipsoid deformable coming into contact with a rigid apartment 
elastoplastic. The material is modeled with elliptic symmetry and analyzed with the 
finished analysis of element (FEA). In order to validate the model, the mesh density is 
iteratively increased until the contact force and contact area differed by less than 1% be- 
tween iterations. In the finite element analyses, the resulting meshes consist in framing 
elements corresponding to ellipticity by varying the radii of curvature at the ellipsoid 
tip used the contact deformation. 

CHAPTER 10 METHODS OF CHOOSING HIGH-STRENGTHENED AND WEAR-RE- 
SISTANT STEELS ON A COMPLEX OF MECHANICAL CHARACTERISTICS 

This chapter presents the methods which make it possible to choose a steel of high 
strength and resistant to wear while exploiting a complex of the mechanical character- 
istics. The analysis results of an extensive experimental data show that for providing 
the best indexes of wear resistance at mechanical outwearing it is necessary to combine 
three components: high static toughness, hardness and plasticity. Only the combina- 
tion of such characteristics provides the best results regarding the wear resistance in- 
crease. This task in defined aspects is finished up to an engineering decision and can 
be used in designer's practice for choosing the wear-resistant steels and alloys. The 
tendered methods allow not only to produce an estimation of suitable steels for 
different conditions of wear and external forces of uploading, but also to ori- 
ent metallurgists to melting new steels with quite defined mechanical properties and 
their combinations. 

CHAPTER 11 A COMPARISON OF THE DIRECT COMPRESSION CHARACTERIS- 
TICS OF ANDROGRAPHIS PANICULATA, EURYCOMA LONGIFOLIA JACK, AND 
ORTHOSIPHON STAMINEUS EXTRACTS FOR TABLET DEVELOPMENT. 

This chapter presents a comparison of the direct characteristics of compression in- 
troduced by Andrographis paniculata, Eurycoma longifolia Jack, and Orthosiphon 



Preface XIII 



stamineus and which is checked on selected powders of grass extract of Malaysie and 
discuss the properties of such powders. The compressions were performed at room 
temperature between 23 °C and 26 °C with the humidity between 37 and 42% RH. The 
comparison of the efficacity of the various techniques amounts comparing the proper- 
ties tribological such as tensile strength, grain size of tablets manufactured. IT proves 
that Eurycoma longifolia Jack extract powder was the easiest of the three herb powders 
to compress, and it underwent significant particle rearrangement at low compression 
pressures, resulting in low values of yield pressure. 

Part 3 Tribology and Low Friction 

CHAPTER 12 FRICTIONAL PROPERTY OF FLEXIBLE ELEMENT 

The chapter presents the theory of belt buckle by considering the self-locking mecha- 
nism generated by wrapping the belt on belt friction, presents the frictional property 
of belt wrapped on an axis two and three times through deriving the formulas corre- 
sponding to an each condition and finally discus frictional property of flexible element 
wrapped on a hard body with any contour. The frictional force can be calculated by 
the curvilinear integral of the curvature with respect to line element along the contact 
curve. Utilizing the self-locking property of belt, a novel one-way clutch was devel- 
oped. The problem of this clutch is how to get the smaller and stable coefficient of belt- 
belt friction for long time use. 

CHAPTER 13 SURFACE FRICTION PROPERTIES OF HUMAN SKIN AND THE FRIC- 
TION BETWEEN FABRICS AND SKIN 

This chapter studies the properties external of friction of the skin and materials of 
clothing, using twelve fabrics consists of various fiber, yarn structure, and the yarn 
density. The experimental apparatus measuring the surface friction properties and the 
measuring results of fabrics are explained and the Friction between human skin and 
fabrics are measured. The effects of the friction of fabrics and the moisture regain of 
human skin are shown. 

CHAPTER 14 INVESTIGATION OF ROAD SURFACE TEXTURE WAVELENGTHS. 

In this paper, experimental texture measurements and Data Dependent Systems (DDS) 
modeling methodology were introduced to analyze the real road pavement surfaces. 
The elevation profiles collected from real road core surfaces were composed of 1 mi- 
cron step size scan and 45 micron step size scan by an accurate laser sensor and were 
modeled by DDS program and it mentioned that after more factors that affect the sur- 
face roughness are considered, a better correlation of roughness with friction can be 
obtained. 

CHAPTER 15 ADHESION THEORY FOR LOW FRICTION ON ICE 

This chapter proposes a study of the frictions on the surface of the ice and it seeks the 
various causes which are responsible for its low values, it concludes that the increase 
in the friction is caused by the ploughing of ice at the contact area and it noticed that 
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the minimum friction is shifted because the higher temperature generated following 
the reduction of the heat propagation velocity and with the water vapor pressure on 
the surface. 

CHAPTER 16 TRIBOLOGY OF 2-MERCAPTOBENZOTHIAZOLE IN LITHIUM COM- 
PLEX GREASE 

This chapter proposes a study of the properties of 2-Mercaptobenzothiazole and the ef- 
fect of its addition on a complex grease of lithium. The developed complex grease was 
tested for other regular characteristics in addition to tribological properties. It summa- 
rized that 2- Mercaptobenzothiazole has exceptional load carrying capacity compared 
to conventional EP additives and the grease show very low coefficient of friction and 
good additive response. 

Part 4 Tribology and Lubrication 

CHAPTER 17 NO CONVENTIONAL FLUID FILM BEARINGS WITH WAVED 
SURFACE 

In this chapter, the wave bearings lubricated with incompressible fluids, commonly 
known as fluid film wave bearings, are analysed. The performance of both journal 
and thrust bearings is examined and it examines that one of most important proper- 
ties of the wave journal bearings compared to other types of journal bearings is their 
improved stability. The wave thrust bearings can be used for axially positioning the 
rotor or to carry a thrust load. For this reason, the first part of the chapter is devoted 
to the study of the dynamic behaviour of the journal wave bearingsand the second 
part executes the steady state of the thrust wave bearings. It stipulates that wave jour- 
nal bearing steady-state and dynamic performance can be precisely predicted with 
computer codes validated by experiments on dedicated test rigs and the wave ampli- 
tude, the minimum film thickness, oil supply pressure and temperature, as well as the 
number of waves can be used to maximize the bearing performance for a particular 
application. 

CHAPTER 18 IDENTIFICATION OF DISCHARGE COEFFICIENTS OF ORIFICE-TYPE 
RESTRICTORS FOR AEROSTATIC BEARINGS AND APPLICATION EXAMPLES 

The chapter describes an experimental study conducted in order to identify the supply 
hole discharge coefficients of externally pressurized gas bearings. Tests were carried 
out over specific hole, feed pocket and air gap size ranges on pneumatic pads with two 
types of air feeding systems: annular orifices and simple orifices with feed pocket. For 
simple orifices with feed pocket, the flow characteristics can be described using two 
experimental discharge coefficients: Q c for the circular section of the orifice and Q fl for 
the annular section of the air gap in correspondence of the pocket diameter. 

Air consumption and pressure distributions were measured as a function of supply 
pressure and air gap height. Discharge coefficients were approximated by an experi- 
mental formula based on the Reynolds number and the feeding system geometry. 
The validity of the formulation found in the study was verified by comparing the 
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numerically calculated pressure distribution with the experimental distribution mea- 
sured on different pad types. 

CHAPTER 19 INVERSE APPROACH FOR CALCULATING TEMPERATURE IN THER- 
MAL ELASTO HYDRODYNAMIC LUBRICATION OF LINE CONTACTS 

This research proposes a thermal elastohydrodynamic lubrication (TEHL) inverse ap- 
proach to estimate the pressure, temperature rise, and apparent viscosity distributions 
in an EHL line contact, it requires a lot of measured points of film thickness to establish 
the amplitude and location of the pressure and temperature spikes where the pressure 
and estimated film thickness distributions can be calculated from force balance and 
elastic deformation theories. 

CHAPTER 20 CONSTRUCTION OF VARIOUS SELF ASSEMBLED FILMS AND THEIR 
APPLICATION AS LUBRICANT COATINGS 

In this chapter, the tribological behaviors of self-assembled nanofilms (SANFs), in- 
cluding self-assembled monolayers (SAMs), self-assembled multilayer films (SAMFs), 
self-assembled inorganic films (SAIFs) and self-assembled organic-inorganic compos- 
ite films (SAO-ICFs), are reviewed, aiming at discovering the basic "microstructures- 
properties" correlation. It is expected that the extracted "structures-properties" corre- 
lation can serve as the guidance to direct the further designing of lubricant coatings for 
MEMS/NEMS and other devices in molecule-level. Theses films these films can gener- 
ated a great importance not only for its simple preparation procedure but also for its 
wide potential applications in many fields, such as surface modification, boundary lu- 
bricant coatings, sensors, photoelectronics, and functional bio-membrane modelling. 

CHAPTER 21 A NOVEL TOOL FOR MECHANISTIC INVESTIGATION OF BOUND- 
ARY LUBRICATION: STABLE ISOTOPIC TRACERS 

This chapter proposes a new tool for mechanistic investigation in tribo-chemistry. The 
main subject of this investigation is based on the secondary ion mass spectroscopy 
study (SIMS) of surfaces rubbed with isotope-labeled lubricants. It begins by explain- 
ing the technique of SIMS and its advantage analysis for tribo-chemistry, followed by 
the tribological properties and lubrication mechanism of monomolecular films with 
friction modifiers, the tribo-chemical reaction of diamond-like carbon with water and 
finished by an analysis of the boundary film yielded from additives in lubricants. 

CHAPTER 22 FEM APPLIED TO HYDRODYNAMIC BEARING DESIGN. 

The present chapter is aimed to provide the theoretical foundation of Finite-Element 
Method (FEM), mass- and energy-conserving models as well as to report their applica- 
tion to the ThermoHydroDynamic (THD) and ThermoElastoHydroDynamic (TEHD) 
analysis of different bearing types. The application examples are relevant to both jour- 
nal and axial bearings with fixed and tilting pads, in order to demonstrate the high 
flexibility of the method. The most used FEM formulations of the mass-conserving 
lubrication problem have been proved, while an original approach to the thermal 
problem has been explained. Whereas, TEHD models are very sensitive to boundary 



XVI Preface 



conditions, its choice is particularly difficult in all of the multi-physics simulations. 
The scope of the chapter is anyway limited to the analysis of steadily-loaded bearings 
working in laminar lubrication regime. 

CHAPTER 23 COMPARISON BETWEEN DIFFERENT SUPPLY PORT CONFIGURA- 
TIONS IN GAS JOURNAL BEARINGS. 

The aim of this chapter is to compare three externally pressurized gas journal bearings 
at given air consumption rates. The idea was to investigate which offers the best spatial 
distribution of supply orifices under the same pneumatic power. The study compared 
radial stiffness and pressure distribution for the three bearing types, also evaluating 
the damping factor and the whirl ratio of the shaft. The stability threshold was calcu- 
lated for different restriction parameters so that the proposed bearing types could be 
compared. 

Taher Ghrib 
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Tlili Ibrahim 1 and Taher Ghrib 2 

iLaboratoire Bourguignon des Materiaux et Procedes (LaboMap), 

CER ENSAM de Cluny 71250 

2 Technopole Borj Cedria 

France 

2 Tunisia 



1. Introduction 



The optimization of mechanical and tribological properties of monolayer coatings 
developed and studied is a way of reaching and important research, because of their 
potential application in various mechanical fields. Hardness and tenacity are the first two 
principal characteristics of the deposits which it is necessary to optimize them to improve 
their wear resistance. From this, the layers Cr, CrN and CrAIN are superimposed with 
different levels of constraints residual (Pc, Pt or combined) to obtain multilayer coatings that 
fulfill better the industrial requirements. 

The characterizations microstructural, morphological and physicochemical of the various 
multi-layer coatings are essential within the framework of this study, of which the objective 
is it to connect the mechanical properties of these deposits to their macroscopic and 
microscopic study. 

A variety of multilayer systems such as TiN/CrN [1], TiAlN/CrN [2], TiN/TiAIN [3], etc., 
have been studied extensively. However, there are very few reports on the multilayer 
coatings based on CrN and CrAIN [4]. The addition of Al to CrN system permits to work at 
higher temperatures where the oxidation occurs [5]. CrAIN coatings have been reported to 
be stable up to a temperature of 900°C depending upon the Al content in the coatings [6]. 
CrAIN coatings also exhibit higher hardness and a lower friction coefficient compared to 
CrN coatings [7]. The new ternary film structure brought about significant advances in 
coating designs, such as the decrease of the grain size and the formation of grain boundaries 
between the two phases. As a consequence, it is reported that CrAIN films exhibited 
excellent mechanical properties and oxidation resistance owing to their solid solution 
structure [8]. Furthermore, it is well known that most properties of these solid solution 
composite films are influenced by certain factors such as crystalline structure and micro- 
structure. These factors led to the study of the multilayers coatings of CrN/ CrAIN and 
Cr/ CrN/ CrAIN, in which the properties of Cr, CrN and CrAIN can be combined. The Cr 
underlayer is considered as a bonding layer. 

In this work, we have investigated the effect of thickness on residual stress and hardness of 
the monolayers. Moreover, the relationship between mechanical properties and the stress 
state of the multilayers coatings was also discussed and established. 
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2. Structural, microstructural and morphological characterization 

By taking account of the optimal conditions obtained on the mono-layers, we developed six 

multi-layers coatings Cr/CrN/CrAIN and CrN/CrAIN with various residual stresses levels 

in mono-layers which constituents them. 

The films composition, thickness and roughness are given respectively by the EDS or WDS 

analysis and the 3d optical profilmeter. (fig. 1). 

The analysis carried out on the multi-layer coatings Cr/ CrN/CrAIN or CrN/CrAIN shows 

the homogeneity of various chemical compositions at the several surface points, the 

principal characterizations results carried out are given in table 1. 

According to analyses EDS one found that in the studied coatings the N/Cr report/ ratio is 

about 1.17 to 1.2 and that they contain only 2.2% atomic of oxygen to the maximum. The 

roughness of films is characterized by two parameters (Ra and Rt) whose measured values 

are high, which leads us to await a dispersion of hardness by tests of nano indentation. 

Concerning the analysis by DRX (fig. 2), one will limit the study on the films PVDi and 

PVD4 since the total thickness of other films is low (< 35nm). 

These multi-layers is elaborate with low internal stresses (Pt). The coating PVD^s presented 

by the peaks of principal diffraction [ (111) and (200) respectively with 36.8° and 51.27°, to 

compare with file PDF 76-2494, PCPDFWIN version 2.3, JCPDS-ICDD (2002) ] [9]. The 

addition of an under-layer Cr to the coating PVD4 one obtains the film PVDi and this gives a 

peak to position 20 = 43.6° allotted to the presence of a cubic phase CrN (111) identical to the 

ref [9-11]. 

In addition, it is established that the peaks G*2 NR (111) and CrN (200) are confused they is 

because of the effect of under-stoechiometric coatings. Another remark, one can conclude 

according to the spectra obtained on the multi-layers PVDi and PVD4 that the CrN layer 

crystallizes on the surface according to the preferential orientation (311) whereas it 

crystallizes in volume according to the preferential orientation (200) [12]. The quantitative 
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Fig. 1. Topography of coating PVDi obtained by the optical profilometer. 
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Table 1. Chemical composition and topography 
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Fig. 2. Diffraction spectra of x-rays obtained with the multi-layer PVD1, PVD4 and steel 
42CrMo4. 

analysis of the layer revealed the coexistence of the CrN phases and Cr2N, this result is 

confirmed by C Nouveau [13, 14]. An observation in HRTEM and diffraction stereotype 

confirmed the presence of a mixture of CrN (200) phases in the Cr2N layer. 

We remark that by adding a Cr underlayer to the PVD4 coating, the peak CrN (111) 

disappeared completely. 

This can be explained by the fact why the plans (311) have a speed of growth more 

significant than the plans (111) and by preferential pulverization of the atoms of nitrogen of 

the plans (111) compared with those of the plans (311). 
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In addition, the presence of a crystallographic structure is related to the column-like 

morphology of the mono-layers Cr, CrN and CrAIN observed by SEM on a cross section 

after a polishing mirror (fig. 3). 

The growth of the structure in columns took place perpendicular to surface. The found 

results are comparable with that obtained in work of Harish C. Barshilia and M. Okumiya, 

M. Griepentrog [ 15, 16 ] carried out on the CrN/ CrAIN layers. 

In order to conclude this study from obtaining the multi-layers, have determined the 

profiles of the chemical compositions versus the pulverization time (fig. 4). The interface 




Fig. 3. SEM of a transverse cut followed by a polishing mirror coating Cr/ CrN/ CrAIN. 




Fig. 4. Compositions Profiles of the Cr/ CrN/ CrAIN layer obtained by XPS. 
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between the individual layers is not very clear, which proves that these layers are very 
miscible. Moreover, there is a contamination of surface of this coating is highlighted by the 
presence of species oxidized of chromium on a depth of a few tens of nanometers. 
Aluminium is presented by a small proportion in the surface of CrAIN layer with 5% which 
imply that it is not possible to distinguish the variation from its profile in the film. 
By taking account dimensions of the aluminium atoms and its kinetic energy. It is well doped 
in the CrN layer, which to allow him to reach a significant depth, from where the interface 
between the two layers CrN/ CrAIN is not remarkable. The profile of the flexible layer (Cr) is 
more intense close to the interface layer/ substrat which is coherent with the superposition of 
muti-layers (Cr/ CrN/ CrAIN) on silicon. The interface is relatively narrow and the involved 
species do not seem to penetrate in the substrate what attests the layer good quality. 
One selected two moments over the pulverization time (600s and 1500s), of which the goal 
to know the evolution of the specific spectrum of the studied multi-layer Cr/ CrN/ CrAIN. 
The Fig. 5 (1) schows that spectra Ni s of the studied layer revealed the presence of a 
characteristic peak of chromium nitride centered at 397 eV. This result is found in the 
references [17 - 18]. The width with middle height (WHM) for the two moments 600s and 
1500s is about 1.45 eV and 1.62 eV respectively. 
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Fig. 5.1. 

The binding energy corresponds to the peak Oi s is 531.5 eV, and the width with middle 

height is about 2 eV (fig. 5 (2)) for the two moments. 

The peak associated to Cr (fig. 5(3)) is composed of two peaks centered at 574,8 and 584 eV, 

who correspond to Cr 2P3/2 and Cr 2P1/2 respectively. 

The widths with middle height (FWHM) for the two peaks are measured in the two selected 

moments, 600 and 1500 and the values obtained are as follows: the peak Q"2P3/2 (1.3 and 2.3) 

and the peak Cr 2P1/2 (2.25 and 2.75), respectively. 

The spectra Al2 P and Cr3 S (fig. 5(4)) are confused and the corresponding binding energy is 

74.3 eV [ 15, 18 - 20 ]. The width with middle height is 3.75eVand 4.2eV for 600s and 1500s 

respectively. 

Investigations XPS on the figure I.lf, shows the presence of the elements O, N, Al and Cr in 

the Cr/ CrN/ CrAIN coating. From the intensity of the peaks Ni s , Oi s , Cr2 P and Al2 P + Cr3 S , 
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we can estimate the film composition. There is oxygen with a feeble proportion (< 3%) in the 
coating, coherent with the results obtained by WDS, it is attributed to the incorporation of 
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Fig. 5.4. 

oxygen in plasma during the pulverization of the target of Cr. These results are coherent 
with the other work completed by Lappitz and Hubert [20]. The narrow spectrum of metal 
chromium is for 574.81 eV, but its incorporation with nitrogen changes the spectrum with 
575.7±0.5 eV [21 ]. The origin of this change in fact that the film of nitride is composed of 
phases mixture like CrN, Cr 2 N, CrN x O y and CrN(0 2 ) x - 

The peak Oi s relates to chromium oxides G^Cb and CrC>3 [21]. The analysis by atomic force 
microscopy AFM of a surface section for each multi-layer makes it possible to determine the 
morphology properties of the Cr/ CrN/ CrAIN and CrN/ CrAIN coating (fig. 6). Surfaces are 
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Fig. 6. Morphologies of the multi-layer coatings obtained by AFM: A) CrN/ CrAIN and B) 
Cr/ CrN/ CrAIN. 
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generally uniform, they present domes and peaks of which average radii and the maximum 
height are respectively about 150 and 41 nm for Cr/CrN/CrAIN, and approximately of 178 
and 26 nm for CrN/CrAlN. In addition the roughness of surface is characterized by the 
parameters Ra and Rz who are in order 7.18 and 25.85 nm for CrN/CrAlN (fig 7- A), and 
12.31 and 40.83 nm for Cr/ CrN/CrAlN (fig 7-B). Following this analysis one can say that the 
CrN/CrAlN coating has a structure finer than that of the Cr/ CrN/CrAlN coating. Thus, the 
morphology of CrN/CrAlN is characterized by a denser and uniform structure. 
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Fig. 7. Analyze by x AFM of a multi-layer section coatings: 

A) CrN/ Cr A1N and B) Cr/ CrN/ Cr A1N. 



Study of CrAIN Multilayred Thin Films 



11 



2. Thermal properties 

2.1 Principle of the PTD technique 

The thermal properties such as the thermal conductivity and the thermal properties are 
determined by the PTD technique. This method consists in heating a sample with a 
modulated light beam of intensity I = I (l + cos cot) . The thermal wave generated by the 
optical absorption of the sample will propagate in the sample and in the surrounding fluid 
(air in our case). The thermal wave in the fluid will induce a temperature gradient then a 
refractive index gradient in the fluid which will cause the deflection \\j of a probe laser beam 
skimming the sample surface. This deflection may be related to the thermal properties of the 
sample. The sample is a stack of n layers, we write the heat equations in these areas and in 
the two surrounding fluids which are the air in by designating Ki , Di and li, respectively 
the thermal conductivity, the thermal diffusivity, and the thickness of the layer i ( Fig.8). 
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Fig. 8. 



2.2 Theoretical model 

In the case of an uniform heating we can use a 1 -dimensional approximation, and the 
amplitude \y/\ and phase cp of the probe beam deflection y/ are given by: 



W\ 



y/2 L dn 

fl jUr dTr 



\Tn\e Mf 



, x 5n 

and <p = \-u + — 

ju f 4 



Where 1 is the width of the pump beam in the direction of the probe laser beam, n, /Ur and 
T f are respectively the refractive index, the thermal diffusion length and the temperature of 
the fluid.. |T | and are respectively the amplitude and phase of the temperature T at the 
sample surface which are function of the thermal properties of the different media, and x is 
the distance between the probe beam axe and the sample surface. 

Before the calculation of the probe beam deflection, one must know the expression of the 
surface temperature T that obtained by writing the temperature and heat flow continuity at 
the interfaces x { =-^-1^... -l { : 

T = [((1 + b) rj 4 e ai h ~(l- b)n 2 e- ai h )E n + (r, -b) e^ ^ E, ]/[(l - b) m e* ^ -(1 + b) % e^ '> ] 
With 



E,= 




2K t {at-o< 



K„CT n ~ CTi 



and r\ x , r/ 2 , % > % are constant whose expressions depend on thermal properties and 
numbers of layers [17]. 
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2.3 Experimental set-up 

The sample is heated by an halogen lamp light of power 100W modulated thanks a 
mechanical chopper at a variable frequency (Fig. 9). A He-Ne laser probe beam skimming 
the sample surface at a distance z is deflected. This deflection can be detected by a four 
quadrant photo-detector and converted to an electrical signal which is measured by a lock- 
in amplifier. Through the intermediary of interfaces, the mechanical chopper and the lock-in 
amplifier a microcomputer will set the desired modulation frequency and read the values of 
the amplitude and phase of the photothermal signal and then draw their variations 
according to the square root modulation frequency. 

Laser probe 
beam 



Halogen lamp 





Mechanical 
Chopper 



Specimen 



Position 

De tector / Look-in amplif ier 

D 1 











Fig. 9. Experimental set-up 

2.4 Determination of the thermal properties 

By applying the model developed with N layers to our coatings multi-layer 
Cr/CrN/CrAIN, Cr/CrN and mono-layer Cr by taking account of the thickness of each 
layer constituting the coating [22,23]. The obtained experimental results are presented by the 
figures 10-a, b, c. The thermal properties of each layer are deduced when there is a 
coincidence between the experimental and theoretical curves. 
The results obtained are given in the table 2: 



Revetment 



Thermal conductivity 
(W.m-i.K-i) 



Thermal 
diffusivity 
(l(Hm2.s-i) 



Equivalent thermal 

Conductivity 

(W.m-i.K-i) 



Cr 


93,9 


CrN 


11 


CrAIN 


2.8 


Cr/CrN 




Cr/ CrN/ CrAIN 





0,79 
0,23 
0,052 



13.1 



4.6 



Table 2. Thermal properties of different multi-layer. 
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Fig. 10. Amplitude and phase of the signal for a sample of Silicon on which is deposited the 
coatings: a) Cr, b) Cr/CrN et c)Cr/CrN/ CrAIN 
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These values show that the thermal properties of the CrAIN layer are weak, compared to 
the CrN layers and Cr taken separately, therefore it can act like a heat insulator. That can 
be explained by a column microstructure which is characterized by the lengthened shape 
of the pores inter-column-like which are mainly aligned perpendicular to the plan of the 
layer [24,25], and since the heat flow is primarily parallel to these gaps inter-columns, the 
transfer of heat is effectively significant. These fine gaps inter-column-like contribute to a 
moderate reduction of thermal conductivity and are generally opposed to the heat 
propagation. 

For this reason, the thermal conductivity of the CrN. layer is also clearly lower than the 
thermal conductivity of the Cr layer which is dense. This result suggests that the structure of 
coatings Cr and CrN close to the interface to the metal substrate have a very different 
thermal conductivity. The difference in the structure of multi-layer coatings Cr/CrN / 
CrAIN and Cr/CrN can coarsely be divided into two zones, the interior zone with fine 
grains (CrN/Cr) and the zone external with large columns (CrAIN). The thermal 
conductivity of the interior zone with fine grain is much higher than the thermal 
conductivity of the external zone. 

Thermal conductivity is dominated by the defect of the grain boundary in this part of the 
coating, it results from it a lower conductivity of about 2,5 W.m^.K" 1 at the ambient 
temperature. 

Moreover, the reduction in the thermal conductivity of the multi-layer coating 
Cr/CrN/ CrAIN is allotted to the increase in total porosity, We can conclude for thin films 
that the thermal conduction is a comprehensive process, which is due to the vibration of the 
crystal lattice, and the realization of a stacking of several layers provide a thermal 

111 
conductivity which verifies the general relationship — = — ^— , where / and K are 

K I t K { 

respectively the total thickness and the equivalent conductivity of the stack; \ { and K ( are 
respectively the thickness and thermal conductivity of different layers constituting the stack. 

3. Study of the mechanical characteristics 

3.1 Residual stresses 

A similar study of the residual stresses is carried out on the multi-layer coatings. 
Fig. 11, shows that the residual stresses in the multi-layers are lower than those of 
constituent mono-layers. 

This reduction of the residual stresses is mainly du to the interfaces created between the 
various superposed layers. Indeed, the total constraint is 3.4 times higher if one compares 
PVDi (all the mono-layers are with P t ) with PVD6 (all the mono-layers are with P c ). The 
value of the highest constraints is obtained in multi-layer PVD6. In addition, the same results 
are obtained when one compares PVD4 and PVD5; the constraints are also increased by 3.5 
times. In fact, if one compares multi-layer PVDi and PVD4 or PVD5 and PVD6, it is obvious 
that the underlay er of Cr has a major effect, because the connection Cr of the layer, has 
exploited a principal role in the constraints intensity, what proves that the level of these 
constraints on the coating PVD6 (-1.2 GPa) is higher than in PVD5 (- 0.7GPa). We can also 
note that if one compares PVD2 and PVD5, the level of the constraints remains almost the 
same whatever the state of stress in the CrN layer (~ 0.65 - 0.7GPa). 
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These results mean that the underlayer, Cr or CrN improves the constraints intensity of 
these multi-layer that if they are at their point Pt as the surface layer. If not, if the 
underlayers are at their Pt point and the surface layers at their P c point, then the increase in 
constraints is due to the fact that these layers have their highest constraints. Lastly, these 
results would be interesting in the choice of multi-layer according to their later applications 
(mechanical, thermal, wear, etc.). 




Fig. 11. Multi-layers Residual stresses 



3.2 Adhesion 

Tests of scratching are carried out by scratch-test on the six multi-layer coatings (fig. 12). 
The films are compared two to two according to their total thicknesses and of level of the 
residual stresses (Pt and P c ) in the mono-layers. The stripes of various films are studied and 
investigated. 

Generally, all the films have an average adherence with the substrate steel of 42CrMo4 
Exceptionally PVDi has a high adherence characterized by a critical effort F c = 78 N (fig 
II. 2a). This fact, whatever the level of the residual stresses (P t , P c or combined) of the mono- 
layers, good adherence in films is always associated to the presence of a fixing under-layer 
Cr : Fc-pvdi> Fc-pvd4; Fc-pvd3 > Fc-pvd2 et Fc-pvd6 > Fc-pvds (fig 12-a, b et c). These films PVDi, 
PVD3 and PVD6 are also characterized by high residual stresses (fig. 11). 
Analysis of this adherence performance can be connected to the rupture of the columns 
growth of the mono-layers and a propagation envisaged of the cracks will be limited only 
on the surface layers. If one takes account only to films thicknesses, the coatings PVD3 and 
PVD6 are less thick than PVDi, on the other hand this last has a better adherence although 
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these coatings have the same constituent layers. It is known that if the thickness increases 
the adherence decreases, but the wear resistance increases. The greatest critical load 
associated with PVDi can be related to the reduction at the same time to the average intern 
energy and to the constraints to the interface of the mono-layer [24]. 
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(c) 
Fig. 12. Scratch- tests carried out on the multi-layers: 
a) PVDi et PVD 4 , b) PVD 2 et PVD 3 et c) PVD 5 et PVD 6 

Moreover, if one takes account only for constraints levels in the mono-layers which 
constitute film. It is established that, more this level is weak P more the adherence is 
significant (table 3). On the other hand the absence of a flexible underlay er Cr in films 
supports a low adherence whatever the thickness and the constraints levels associated to the 
established coatings. 

3.3 Study of behavior to wear 

The wear of the various deposits is quantified by using the method of the average values in 
order to estimate the total profile of the worn surface. After each test of friction the damage 
creates is studied. By taking account of films thicknesses and roughness associated to their 
surfaces. Worn volumes of the coating and the basic substrate are given separately after each 
tribological test (fig 13-a). By comparing the wear of the films two to two and by taking 
account of the intensity of the residual stresses and film thickness, the multi-layer coatings 
developed with an underlayer Cr have a better wear resistance than those developed 
without this underlayer (Vpvdi > Vpvd4, Vpvd6 > Vpvds and Vpvd3 > Vpvd2). 



Coatings 


PVDI 


PVD2 


PVD3 


PVD4 


PVD5 


PVD6 


Fc(N) 


78 


40 


56 


40 


45 


55 



Table 3. Adhesion Forces F c of multi-layer deposited on steel 42CrMo4. 
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If one takes account only of the constraints intensity in the partial layers, constituent of film, it 
appears that when the constraints levels are combined (P t and P c ), the film has a better wear 
resistance than those presented by levels P t or P c only, it is the case of the PVD3 coating. So one 
can say that worn volume is proportional to the depth of wear for each tribological test and the 
results found on the wear depth are coherent with those found for worn volume. In addition, 
all the coatings improve the wear resistance compared to the basic substrate (42CrMo4). 




Fig. 13-a. Worn volume of the various multi-layer coatings: t = 15min, Fn = 5N et 5 = 5mm 
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Fig. 13-b. Voluminal fraction of the multi-layer coatings and the substrate: 
A) films and B) Substrate. 
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To study the influence of the operational parameters on the removed matter quantity, after 
each tribological test the voluminal fraction is represented according to the applied normal 
load Fn (fig. 13-b). The found results show that the beneficial effect of films to resist wear is 
detected for applied loads F n < 5N, high this value one brings closer more and more the 
tribological behavior of the two antagonists in contact alumine/substrat, from where the 
beneficial effect of films is detected for the weak applied loads. 

4. Conclusion 

We synthesized coatings having a composition report of N/Cr close to 1 with a dual 
magnetron for 20% of nitrogen in plasma. These coatings are well crystallized. Analyses 
XPS and SIMS showed that the multi-layer coatings carried out by pulverization magnetron 
present quite clear interfaces between the mono-layers and who do not present inter- 
diffusion substrate-coating. A good homogeneity of the layers on all their depth was 
highlighted. In addition, the oxygen contamination of the multi-layer coatings is minimal, 
less than 5% at in volume on a few ten nanometer of depth. The analyses by x-rays 
diffraction highlighted the strong texture of the multi-layer deposits CrN/ CrAIN and 
Cr/CrN/ CrAIN, which is the consequence of the high residual stresses in the mono-layers. 
These constraints are decreased in the multi-layers under the effect of the interfaces 
presented in film. Moreover, the thermal properties of multi-layer are refined under the 
presence of the surface layer CrAIN, which plays the role of a thermal barrier. In addition, 
all the multi-layers developed in this work have a good adherence with steel 42CrMo4, and 
adhesion is better in the case of presence of an underlay er Cr (Pt) in film. 
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1. Introduction 

Elastohydrodynamic lubrication (EHL) is the dominant mode of lubricant in highly stressed 
machine elements including gears, rolling contact bearings, cams and tappets. EHL studies 
describe the mechanism of lubrication in highly pressurized non-conformal contacts and 
they contribute to the effective operation of gears and other highly stressed machine 
elements. Grubin and Vinogradov [1] found that the heavily loaded EHL line contacts are 
governed by hydrodynamics, elastic deformation of the metal surface and the lubricate 
viscosity variation under extreme pressure (viscosity-pressure characteristics). Theoretical 
studies and numerical solutions to EHL contacts have been reported by Martin [2], 
Downson and Higginson [3], Crook [4], Cameron and Gohar [5] and significant 
contributions have been made towards the complete understanding of the EHL mechanism. 
The theoretical revelations were later confirmed by experimental EHL techniques, especially 
in optical measurements. In this chapter, we review recent advances of optical techniques 
for EHL studies. In addition, we report the recent application of surface plasmon resonance 
(SPR) sensing for the imaging of EHL point contact [6-8]. 

2. Optical characterization of elastohydrodynamic lubrication (EHL) contacts 

Optical interferometry is by far the most widely used experimental measurement method for 
EHL contacts. Pioneer works on optical interferometry were carried by Archard and Kirk [9, 
10], Gohar, Cameron and Paul [11-13]. Archard and Kirk [9, 10] used white light to investigate 
the lubrication property change in crossed cylinders. The speed of the conjunction was found 
to be related to the colour interference fringes shift. Gohar and Cameron [11] and Cameron 
and Gohar [12] used the impact between a steel ball and a glass disc to generate a high 
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pressure micro-chamber in GPa pressure level and optical interferometry measurement was 
performed for the EHL lubricant film. Paul and Cameron [13] used two coherent light beams 
to incident on an EHL contact at two different incident angles. By analyzing the fringe orders, 
the refractive index and lubricant film thickness profiles were estimated. 

Larsson et al. [14] applied the optical interferometry technique to investigate the pressure 
fluctuation when soap lumps entered a lubricated elastohydrodynamic lubrication contact. 
Yagi et al. [15] demonstrated the experimental study on the viscosity wedge effect in point 
contact EHL under high slip ratio condition. Color optical interferometry technique was 
applied for lubricant film thickness measurement. Nonishi et al. [16, 17] used the optical 
interferometry technique to study the influence of sliding on the elastohydrodynamic film. The 
film thickness formed between a crowned roller and a sapphire disk was measured with 
optical interferometry. Yang et al. [18] studied the dimple phenomena in EHL point contact 
formed by a glass disk and a steel ball with optical interferometry. Felix-Quinonez et al. [19] 
combined the optical interferometry technique with a high-speed color video camera for 
automatic anlaysis of interferograms, which allowed rapid imaging for the variations of 
interference fringe orders and film thickness. Kaneta et al. [20] used optical interferometry and 
Newtonian thermal EHL analyses to study the effects of the thermal conductivity of contacting 
surfaces on point EHL contact. They found that the distributions of pressure and film 
thickness were greatly affected by the velocity and slide-roll ratio. In addition, the 
temperature-viscosity wedge action, the heat produced by the compression work and the 
shearing of the lubricant were found to be the major causes of the phenomena. Jang [21] 
developed an image processing method for the analysis of EHL images obtained from a 
monochromatic optical interferometer. In their studies, interference fringe images were formed 
by the reflection beam from a Cr coating surface and a metal ball surface. During data 
processing, the interference images were converted into digital data and the interference 
information of the whole contacting area was collected. In the same year, Jang [22] applied the 
optical interferometry technique for in-situ measurement of lubrication (EHL) film, while 
viscosity index improver was added to the base oil. A resolution of 5nm was reported for film 
thickness measurement. Guo et al. [23] presented an experimental observation of a dimple- 
wedge elastohydrodynamic lubricating film with optical interferometry. Anomalous EHL 
films, a wedge shape together with a tiny dimple at the inlet region, were observed with 
optical interferometry in pure sliding conditions (with ultra slow speeds of 3-800 um/s). Yang 
et al. [24] investigated the effect of a transversely/ longitudinally oriented surface 
bump/ groove on the lubricating performance and dimple phenomena with optical 
interferometry. They also obtained numerical solution of thermal EHL in the study. Wang et 
al. [25] used optical interferometry and theoretical analysis to study the behavior of point 
contact EHL films in pure rolling short stroke reciprocating motion. Jang et al. [26] modified 
the conventional optical interferometry technique and developed a coaxial aligning 
trichromatic incident light filtering system. Compared to the conventional 
monochromatic/ dichromatic optical interferometry, their new system could provide more 
spectra of color components for film thickness calculation. Furthermore, the film thickness was 
finely digitized and nanometer scale measurement was possible. Wang and Guo et al. [27] 
used optical interferometry to observe the formation of abnormal EHL film with inlet-dimple 
in ball-on-disc and spherical roller-on-disc contacts. It was found that the inlet-dimple only 
appeared within a limited entrainment speed range at particular load levels, entrainment 
direction and kinematic condition. Kaneta et al. [28] studied the behaviors of point contact 
EHL films under different impact loads using optical interferometry. They also investigated 
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the effects of initial impact gap, impact at oily Hertzian contact and the effect of impact loading 
under rolling/ sliding conditions. Guo et al. [29] used the optical interferometry technique to 
investigate the change between EHL and hydrodynamic lubrication (HL) under different 
entrainment speeds and applied loads. A log-log scale linear relationship was found in two 
lubrication regions between the film thickness and the entrainment speed (or load). In 
addition, they also reported the presence of a transition region, which was significantly 
affected by relative sliding, between these two regions. In the same year, the research group of 
Fu, Guo and Wong [30] further presented a stratified-layer model for the numerical analysis of 
optical EHL contact. The simulation results were found correlating with their previous 
experimental findings. Li and Guo [31] then studied the influence of spinning on EHL films 
under the condition of wall slippage with optical interferometry. Spin-slide ratio was 
introduced to represent different spinning levels and the spin-slide ratio was found to be 
related to the EHL film thickness, film shape, depth of inlet dimple and the speed index of the 
minimum film thickness. Guo and Wong et al. [32] also applied optical interferometry to 
identify some of the boundary slip phenomena of highly pressurized polybutenes in EHL 
contacts. The post-impact lateral movement of the entrapment was studied under pure rolling, 
pure glass block sliding and pure ball sliding conditions. Their experimental findings 
supported the existence of wall slippage, which was the cause of the abnormal EHL film 
profile with inlet dimple. Young et al. [33] studied the start-up friction behavior of EHL 
entrapments with optical interferometry. It was found that entrapment substantially decreased 
the start-up friction. The short-lived entrapment was also found providing the greatest 
reduction in start-up friction. Recently, the optical interferometric technique was used by 
Myant et al. [34] for the investigation of fluid film thickness in sliding, isoviscous elastohydro- 
dynamic contacts (I-EHL). A monochromatic two-beam interferometer was used to measure 
the lubricant film thickness at different entrainment speeds and applied loads. Experimental 
results showed film thickness profile with a convergent wedge shape, which was believed to 
be responsible for the fluid pressure and load carrying capacity of the sliding contacts. 
In addition to optical interferometry, other optical imaging techniques have been reported 
for the studies of EHL contacts in recent years. Bongaerts et al. [35] demonstrated the 
application of in situ confocal Raman microscopy for friction measurements in EHL 
contacts. Optical imaging on the EHL contact and the determination of film thickness has 
been demonstrated. Optical images of the contact also showed that the starvation of the 
contact occurred above a critical value of the product of the entrainment speed and the 
lubricant viscosity for single-phase aqueous Newtonian lubricants in the EHL regime. 
Recently, Reddyhoff et al. [36] applied the fluorescence detection technique for lubricant 
flow mapping in EHL contact formed between a steel ball and a glass disc. The testing 
lubricant was dyed with a fluorescent species. During measurement, it was illuminated with 
laser light and a fluorescence intensity map of the lubricant flow was produced. The 
fluorescence intensity results were found correlating well with conventional optical 
interferometric film thickness measurements under the same condition. 

3. Surface plasmon resonance (SPR) imaging of EHL point contact 

Ho and Wong et al. [6-8] presented the optical characterization of EHL point contact with 
the surface plasmon resonance (SPR) imaging technique. This technique makes use of the 
spectral characteristics variation associated with the SPR effect. The hydrostatic pressure 
inside the EHL contact causes a localized refractive index change of the lubricant. This 
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results in a shift of the SPR absorption dip in the spectrum, thereby producing 
corresponding color changes in the resultant spectral SPR image. The refractive index profile 
inside the entire EHL contact therefore can be imaged by the color variation in the spectral 
SPR image. Comparing to conventional optical interferometry, more than two order of 
magnitude resolution improvement has been demonstrated in the refractive index 
measurement inside EHL point contact [8]. In addition, the SPR imaging allows direct 
measurement of refractive index profile and it is unnecessary to rely on general pressure- 
density model. In light of these unique advantages, the SPR detection approach should be 
an attractive alternative for optical EHL contact characterization. 

SPR imaging was first introduced by Yeatman and Ash et al. [37] and Rothenhausler and 
knoll [38] as a microscopy technique in late 80' s. This imaging technique has further been 
developed for various bio-sensing applications, such as the detection of DNA [39-41], 
protein-protein [42], protein-carbohydrates [43] and antibody-antigen binding interactions 
[44-46]. Common SPR imaging approach replies on the resonance shifts in the wavelength 
domain and a board band light source is used for surface plasmons excitation. As described 
by the Fresnel model [47], a spectral absorption curve is produced by the surface plasmons 
excitation and the absorption dip position is related to the refractive index change in the 
dielectric medium. In conventional intensity based SPR imaging technique [39-43], the 
boardband light source is replaced by a laser source (with narrowband wavelength) and the 
variation of absorption dip position is transformed into corresponding intensity changes in 
the reflection SPR image [46]. However, the useful information in other spectral range has 
been neglected in this approach. Furthermore, the signal to noise ratio is found to be limited 
[48]. In this chapter, a novel approach of SPR imaging technique, which makes use the full 
spectral information in the visible range for the image formation, is presented. With a 
calibration curve obtained from fluids with known refractive index, the spectral variation in 
the spectral SPR image is further converted into corresponding two dimensional (2D) 
refractive index profile. This imaging technique is applied to the study of point 
elastohydrodynamic lubrication (EHL) contact for the 2D imaging of refractive index and 
pressure profile in highly pressurized EHL dimple. 

3.1 Experimental set-up 

An experimental set-up based on spectral SPR imaging for studying elastohydrodynamic 
lubricant (EHL) dimples was formed using the impact EHL microviscometer as previously 
described elsewhere [49-51]. The SPR imaging results were further compared with those 
obtained using conventional optical interferometry for refractive index determination inside 
the point EHL contact [52]. 

Formation of impact EHL dimple 

As shown in Figure 1, the impact EHL microviscometer operates by having a steel ball 
impinging on a glass plate covered by a thin layer of lubricant fluid. This results in a tiny 
quantity of lubricant being trapped between the contacting surfaces and thus the formation 
of a dimple. The dimension of a typical dimple is about 300 microns in diameter and a few 
microns in the central film thickness. Meanwhile, the entrapped fluid dimple acts as a 
microscopic high pressure chamber with pressure level reaching GPa. 

Spectral SPR and interference imaging system 

The experimental scheme is given in Figure 1. Two halogen lamps with spectral range in 
between 400 and 850nm (emission peak at 596nm) are used as the broad band light sources 
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in the experiment. The optical outputs are collimated and the beam diameters are 
approximate 30mm. In the SPR imaging arm, a linear polarizer is used to extract the p- 
polarized component of the incident beam for surface plasmon excitation. Silver film (50nm) 
is deposited on the total internal reflection surface of a dove prism with na equals to 1.92 
RIU. The collimated beam incidents on the sensing surface at the resonance angle (-65°). The 
reflection SPR image is magnified with a lOx objective lens and a CMOS imaging chip is 
used for image capturing. The SPR image is further processed by an image analysis program 
(home built) for two dimensional Hue profile extraction and processing. With the use of an 
experimental calibration curve, the Hue profile is further converted into corresponding 
refractive index distribution. During the experiment, an optical fiber spectrometer (Ocean 
Optics, HR2000) is used to record the SPR absorption curves for different samples. In the 
optical interference imaging arm, a monochromater is used to select particular wavelength 
from the boardband light source. At normal incident, the partial reflection beam from the 
silver thin film surface interferes with the reflection beam from the steel ball surface and the 
interferogram of the EHL dimple is formed. The interferogram is captured by another 
CMOS imaging chip. 

3.2 Experimental results 

3.2.1 EHL dimple measurement by spectral SPR imaging 

PB2400 lubricant dimple 

In the measurement experiment, spectral SPR imaging was applied to studying EHL 
dimples produced from polybutenes lubricant (PB2400). PB2400 is a high viscosity lubricant 
oil with a high refractive index of na-1.5053 RIU. The high viscosity characteristic of this 
lubricant may assist the formation of EHL dimple. 

Spectral SPR image 

As shown in the experimental configuration, by projecting a 30mm diameter beam on the 
EHL dimple surface, corresponding spectral SPR images were obtained and shown in 
Figure 2. Figure 2a is the SPR image before EHL dimple formation. We can recognize it as a 
pure contact between the steel ball and the glass surface. Since no SPR absorption is taking 
place inside the contact, the image shows the original color of the incident beam. 
Figure 2b is the SPR image after EHL dimple formation. PB2400 lubricant was trapped 
inside the EHL dimple and experienced extremely high pressure (GPa). It changed the 
refractive index of the lubricant. From the SPR image, we could observe that different SPR 
absorptions were taking place in the dimple. The reflected color changed from the color of 
the incident beam to red and finally became green in color at the centre region of the dimple. 
As indicated in the figure, the outermost ring is believed to be the contacting region between 
the steel ball and the glass surface. The whole middle region is believed to be the EHL 
dimple trapped inside the contact. It is believed that the color variation in the SPR image is 
due to the increasing refractive index and corresponding shifts of SPR absorption dip. 
Therefore, SPR has clearly revealed the RI distribution caused by the entrapment of 
lubricant under EHL condition. 

In Figure 2c, an area of the SPR image which is taken under atmosphere pressure serve as a 
control image. By going through the same analysis process as the dimple SPR image, it 
provides the uncertainty. Figure 2d shows the optical interferogram obtained from the EHL 
dimple, which was taken simultaneously during the capture of the SPR image (Figure 2a). 
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3.2.2 Image analysis of 2D spectral SPR imaging 

The image coding system 

In image analysis, the spectral SPR image was treated as the linear combination of three 
primary colors, namely red (R), green (G) and blue (B). The CIE (Commission International 
de FEclarage) defines the RGB imaging model with three standard primary components, R, 
G and B, which refer to the monochromatic spectral energies at wavelengths 700nm, 
546.1nm and 435.8nm respectively. The color shown in an imaging pixel can therefore be 
represented by a linear combination of these primary components [53] (Figure 3a). Besides, 
the XYZ, CMYK, YIQ and HSV models are several most commonly used color coding 
systems [49, 50], which are designed to provide equivalent image representation for 
different engineering applications. Nevertheless, only the Hue component in the HSV 
coding model directly refers to the dominant wavelength of a color [54, 55]. In our 
experiment, the color variations in the spectral SPR image are caused by the shift of 
resonance absorption dip at particular wavelength, the use of Hue value thus is a more 
appropriate approach to represent the spectral information in the spectral SPR image. 
The HSV color space model was first introduced by Smith [55] in 1978. It was originally used 
for the digital control of color television monitors. Hue (H), saturation (S) and value (V) are the 
three dimensions in the HSV color space and the hexcone model of HSV color space is shown 
in Figure 3b. Hue (H) refers to the color variation in the color circle. When Hue changes from 
to 1, the colors change from red through yellow, green, blue, magenta, and back to red. 
Saturation (S) indicates the departure of a Hue from achromatic. When the saturation value 
varies from to 1, the whiteness component of the Hue decreases. Value (V) refers to the 
departure of a Hue from black. The blackness component in the color increases, when V 
decreases from 1 to 0. Smith has also introduced a RGB to HSV algorithm, which given in [55], 
to transform colors from RGB color space model to HSV hexcone model. 

Hue distribution extraction 

Hue value distribution is extracted from the SPR image and shown in Figure 4. A 2D map of 
Hue is shown in Figure 4a. As shown in the figure, the hue values decrease from (~ 220-250 
units) in the outer region to (~ 150-180 units) in the centre region. In the control image 
(Figure 4b), the standard deviation over the whole map is 1.26 units and the average value 
is 13 units. 

3.2.3 Calibration curve 

A calibration curve between the Hue values obtained from the spectral SPR image and 
refractive index is established with measurements on a range of lubricants and their 
mixtures. 

SPR images 

During the SPR imaging experiment, different fluid samples were coated on the silver 
sensor surface and the corresponding spectral SPR images were acquired and shown in 
Figure 5a-5v. SPR effect is polarization dependent and only p-polarization light suffers the 
SPR absorption, s-polarization can serve as a reference beam. Figure 5a shows the spectral 
SPR image, it were obtained when the polarizer was turned into p- polarization pass mode. 
Beside, Figure 5b shows the s-polarization reference image of the same surface. Various colors 
are shown in Figure 5a for different lubricant samples: PB900 (na - 1.4950 RIU), 5P4E (na - 
1.6294 RIU) and PB1300 (n d - 1.4992 RIU). No significant colour change is observed in the s- 
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polarization image and the spectral content resembles the original profile of the light source. 
This confirms that the colour variation in SPR image is due to the shift of spectral absorption 
profile caused by SPR effect. The SPR images of PB2400 (n d - 1.5053 RIU) and PB 680 (n d - 
1.4903 RIU) are shown in Figure 5c and 5e respectively. In Figure 5g to 5v (except Figure 5k 
and 51), the lubricant samples were obtained from the mixture of the standard lubricant 
samples and their refractive index values (n d , 1.543 7-1. 675RIU) were measured with Abbe 
refractometer. The Hue values were determined by converting the RGB intensities of 
individual image pixels using the Hue extraction function in the MatLab program. The Hue 
values are plotted in the calibration curve (Figure 7). The Hue values are extracted from the 
average value within 50 x 50 pixels on the image, the standard deviation within this area 
provided the error bar of the data. 

SPR absorption spectrum 

In addition, the corresponding SPR absorption spectra were also recorded by the 
spectrometer. In order to remove the background spectral variation of the light source and 
any effect from the system spectral transfer function, each SPR spectrum was divided by the 
spectral obtained from the s-polarization which did not support SPR. The raw spectral plots 
were fitted by nine variable regression curves. SPR absorption minimums were then 
extracted from the fitted curves for different lubricant samples, and the corresponding plots 
are shown in Figure 6. Data shown in Figure 6a (n d - 1.4903-1.5437 RIU) and Figure 6b (n d - 
1.5498-1.6294 RIU) reveal that the resonance minimum has moved to a longer wavelength 
upon increasing the refractive index. In order to determine the uncertainty of SPR resonance 
minimum, SPR measurements were repeated for five lubricant samples for 5 times: 5P4E (n d 
- 1.6294 RIU), PB2400 (n d - 1.5053 RIU), H 1900 (n d -1.5052 RIU), PB 900 (n d - 1.4950 RIU) and 
PB 680 (n d - 1.4903 RIU). The uncertainty of SPR resonance minimum, which is equal to 
1.2nm, is obtained from the average of five standard deviations. 

Refractive index of the lubricant samples 

To consider the frequency-dispersion refractive indices of the lubricants, the following 
equation [7] is used for the refractive indices calculation of the lubricants. 



s m (l)n p (Af sin 2 

n s = , 1 r - (!) 

p m {X)-n p {X) 2 sm 2 

where n s = refractive index of lubricant, n p (X) = refractive index of glass prism as a function of 

wavelength, e m fA) = relative permittivity of metal film as a function of wavelength and 6 = angle of 

incidence. 

In the experiment, silver thin film is used as the sensing layer and the glass material of the 

dove prism is PBH72 O'Hara glass. The corresponding permittivity £ m (X) and refractive 

index n p (X) value can be found from the literature [57, 58]. At a fixed incident angle of 65°, 

the refractive index values of lubricants are calculated at particular SPR dip wavelengths. 

Calibration curve 

While the Hue, SPR resonance minimum values and refractive index values for standard 
lubricant samples have been obtained, a calibration curve can be constructed to give the 
relationship between Hue value and corresponding refractive index. The calibration curve is 
shown in Figure 7. This plot enables direct conversion from SPR image colour (Hue) to 
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refractive index value. Therefore, each single pixel in a SPR image can be converted into 
corresponding refractive index value. In the calibration plot, we have modified the Hue (0- 
255) into relative hue values (0-285). For hue values smaller or equal to 30, an additional 
value of 255 is added. (This modification provides us with a continuous curve in the 
relationship between the relative hue and SPR resonance minimum. 

3.2.4 Refractive index distribution calculation 

The Hue value in each pixel of Figure 4a is converted to spectral SPR resonance minimum 
value with the calibration curve (Figure 7). Consequently, a continuous map of resonance 
minimum is obtained and shown in Figure 8a. A standard deviation of 1.7nm and an 
average value of 491. 2nm are recorded in the control image (Figure 8b). Finally, the SPR 
resonance minimum maps are further converted to corresponding RI distributions with the 
help of the calibration curve and they are shown in Figure 8c and 8d. Only a small increase 
in refractive index is found in the outermost region of the dimple, which corresponds to the 
contact zone between the steel ball and the glass surface. However, a much larger refractive 
index increase is found near the centre region of the dimple. Using a RI value of 1.4664 RIU 
for PB 2400 lubricant at atmospheric pressure, the Hue value obtained from the centre of the 
dimple, where the pressure is at its maximum, the RI value has increased by 5.3% to 1.5447 
RIU. In the control image, the average value over the map is 1.47 RIU, which corresponds to 
the refractive index value of PB 2400 lubricant at atmosphere pressure. In addition, the 
standard deviation value in the map also gives us the error bar of the detection, which is 
0.00079 RIU. The centre region of an EHL dimple acts as a microscopic high pressure 
chamber with pressure level reaching the order of GPa. Therefore, the molecular density 
and corresponding refractive index of the entrapped fluid are increased. 

3.2.5 Pressure distribution 

Figure 9 shows the experimental pressure-refractive index relationship of PB 2400 lubricant 
that we previous reported in [6]. From this plot, the refractive index map can be further 
converted to pressure map of the EHL dimple. The corresponding 2-D pressure map as 
converted using this plot is shown in Figure 10a. As shown in the figure, a rapid increase of 
pressure (maximum of 0.76 GPa pressure) is observed in the center part of the EHL dimple. 
In the control image (Figure 5.10b), the measured pressure variation over the surface is 
equal to 0.0024 GPa, which indicates the measurement uncertainty of the system. In 
addition, the average value is found to be 0.158 GPa. This represents the baseline drift of the 
system. We have also done the measurements with other lubricants besides PB2400. 
Measurements on EHL dimple produced with another kind of high viscosity lubricant 
HI 900 (na -1.5052 RIU) have been carried out also. Experimental results from HI 900 agree 
with the findings in PB2400 dimple. 

3.2.6 Sensitivity estimation 

As reported in [59, 46], the sensitivity and resolution of a SPR sensor can be calculated from 
the following equations, 

S = Ax/An s (2) 

R = S-U (3) 
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where S and R are the sensitivity and resolution respectively, Ax is the sensor response and 
U is the measurement uncertainty. 

The calibration plot (Figure 7) shows the Hue value response ( AHue ) in spectral SPR image 
for particular refractive index variations ( An s ). As shown in Figure 7, AHue = 120.6 units is 
measured in between 1.5656 and 1.4609 RIU. From equation (2), the system sensitivity is 
found to be 8.7 xlO 4 (RIU/Hue unit). For the standard deviation in PB 2400 lubricant 
measurement (1.08 Hue units) is used as the measurement uncertainly, the detection 
resolution of the spectral SPR imaging technique is found to be 9.4 x 10 4 RIU. 

4. Comparison with optical interferometry 

As described in section 2, optical interferometry is by far the most widely used 
measurement technique for EHL contacts [9-34]. Wong and Guo et al. [52] presented the 
measurement of the refractive index of a liquid lubricant at high pressure within an EHL 
impact dimple using optical interferometry technique. An accuracy of ±10% in refractive 
index determination (resolution of 0.17 RIU) was achieved. Table 1 compares the refractive 
index measurement resolution between spectral SPR imaging and optical interferometry 
technique. Experimental results show that the SPR techniques can provide more than 180 
times resolution improvement over the conventional technique in refractive determination 
inside the EHL dimple. The spectral SPR imaging technique is based on the shift of the 
resonance minimum in the spectral curve. As indicated by Figure 6b, a change as low as 
0.06 RIU in refractive index value causes a shift of over lOOnm in the SPR dip. Meanwhile a 
relatively low measurement uncertainty of 1.2nm has been demonstrated. 
In conventional optical interferometry, the interference fringe pattern image cannot provide 
pixel-wise two-dimensional RI mapping for the EHL contact, which means that some 
information has been excluded. On the other hand, spectral SPR imaging offers complete 
information related to the two dimensional RI distribution of an EHL dimple. With known 
pressure-refractive index relations, one can readily obtain in situ pressure mapping for EHL 
dimple. 

In conclusion, the spectral SPR imaging technique has overcome several major detection 
shortcomings of current measurement techniques for studying EHL. In addition, ,significant 
improvement in measurement resolution has been demonstrated. 
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Table 1. Measurement resolution comparison between spectral SPR image and optical 
interferometry. 
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Fig. 1. Experimental scheme of the EHL dimple detection with spectral SPR sensing 
technique. Part 1 is the spectral SPR imaging set up (the red optical path) and part 2 is the 
conventional optical interferometry set up (the blue optical path). 
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Fig. 2. Spectral SPR imaging of lubricant PB 2400 dimple: a) Image before dimple 
production, b) Image after dimple formation c) Image obtained under atmosphere pressure 
(control image), d) Optical interference image of the EHL dimple. 



Optical Characterization of 

Elastohydrodynamic Lubrication Pressure with Surface Plasmon Resonance 



33 




(a) 
Hug 




ation 



(b) 

Fig. 3. a) RGB colorcube model [53], b) HSV hexcone model [56]. 
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Fig. 4. a) Hue profile of lubricant PB 2400 dimple, b) Hue profile of control image 
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Fig. 4. c) SPR wavelength minimum profile of lubricant PB 2400 dimple d) SPR wavelength 
minimum profile of control image. 
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Fig. 5. Spectral SPR images obtained from lubricant samples with known refractive 
index values for calibration. PB 900 (n d - 1.4950 RIU), 5P4E (n d - 1.6294 RIU), PB1300 (n d - 
1.4992 RIU), PB2400 (n d - 1.5053 RIU) and PB 680 (n d - 1.4903 RIU). In g)-v) (expect k) and 1)), 
the lubricant samples are obtained from the mixture of the standard lubricant samples 
and their refractive index values (n d , 1.543 7-1. 675RIU) were measured with Abbe 
refractometer. 
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Fig. 6. SPR absorption spectra of lubricant samples for calibration. 
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Fig. 7. Calibration curve for image conversion from refractive index value. 
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Fig. 8 a) SPR wavelength minimum profile of lubricant PB 2400 dimple b) SPR wavelength 
minimum profile of control image c) Refractive index profile of lubricant PB 2400 dimple d) 
Refractive index profile of control image. 
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Fig. 9. Pressure - refractive index relation of lubricant PB 2400 [6]. 
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Fig. 10. a) Pressure profile of lubricant PB 2400 dimple, b) Pressure profile of control image. 



Optical Characterization of 

Elastohydrodynamic Lubrication Pressure with Surface Plasmon Resonance 43 

5. Reference 

[I] A.N. Grubin and I.E. Vinogradova, Central Scientific Research Institute for Technology 

and Mechanicul Engineering 30, Moscow, (1949). (DSIR Translation No. 337). 

[2] H.M. Martin, Lubrication of gear teeth, London 102, pp.199, (1916). 

[3] D. Dowson and G.R. Higginson, Elastohydrodynamic Lubrication, Pergamon Press, 
Oxford, (1977). 

[4] A.W. Crook, Electohydrodynamic Lubrication of rollers, Nature 190, pp. 1182, (1961). 

[5] A. Cameron and R. Gohar, Optical measurement of oil film thickness under electo- 
hydrodynamic Lubrication, Nature 200, pp. 458-459, (1963). 

[6] C.L. Wong, H.P. Ho, K.S. Chan, and S.Y. Wu, Application of surface plasmon resonance 
sensing to studying elastohydrodynamic lubricant films, Applied Optics 44, pp. 
4830-4837,(2005). 

[7] H.P. Ho, C.L. Wong, K.S. Chan, S.Y. Wu and C. Lin, Application of 2-D spectral surface 
plasmon resonance to the imaging of pressure distribution in elastohydrodynamic 
(EHD) lubricant films, Applied Optics 45, pp. 5819-5826, (2006). 

[8] C.L. Wong, H.P. Ho, K.S. Chan, P.L. Wong, S.Y. Wu, C. Lin, Optical characterization of 
elastohydrodynamic lubricated (EHL) contacts using surface plasmon resonance 
(SPR) effect, Tribology International 41(5), pp. 356-366, (2008). 

[9] J.F. Archard and M.T. Kirk, Lubrication at point contacts, Proc. R. Sot. London, Ser. A 
261, pp. 532-550, (1961). 

[10] J.F. Archard and M.T. Kirk, Influence of elastic modulus on the lubrication of point 
contacts, Proc. Lubrication and Wear Convention, Inst. Mech. Eng., London 15, pp. 
18 1-189, (1963). 

[II] R. Gohar and A. Cameron, The mapping of elastohydrodynamic contacts, ASLE Trans., 

pp. 215-225, (1966). 
[12] A. Cameron and R. Gohar, Theoretical and experimental studies of the oil film in 

lubricated point contact, Proc. R. Sot. London, Ser. A 291, pp. 520-536, (1966). 
[13] G.R. Paul and A. Cameron, An absolute high-pressure microvisometer based on 

refractive index. Proc. R. Soc. A 331, pp. 171-84, (1972). 
[14] P.O. Larsson, R. Larsson, A. Jolkin, O. Marklund, Pressure fluctuations as grease soaps 

pass through an EHL contact, Tribology International 33 (3-4), pp. 211-216, (2000). 
[15] K. Yagi, , K. Kyogoku, T. Nakahara, Temperature measurements of oil film and surface 

in point contact EHL under high slip ratio conditions, Japanese Journal of 

Tribology 46 (5), pp. 290-291, (2001). 
[16] T. Nonishi, S. Oda, Decrease of elastohydrodynamic minimum film thickness with 

increase of a slide, Japanese Journal of Tribology 46 (1), pp. 53-55, (2001). 
[17] T. Nonishi, S. Oda, Decrease of Elastohydrodynamic Minimum Film Thickness with 

Increase of a Slide, Tor aibarojisuto/ Journal of Japanese Society of Tribologists 46 

(2), pp. 171-177, (2003). 
[18] P. Yang, M. Kaneta, S. Masuda, Quantitative comparisons between measured and 

solved EHL dimples in point contacts, Journal of Tribology 125 (1), pp. 210-214, 

(2003). 



44 New Tribological Ways 

[19] A. Felix-Quinonez, P. Ehret, J.L. Summers, New experimental results of a single ridge 

passing through an EHL Conjunction, Journal of Tribology 125 (2), pp. 252-259, 

(2003). 
[20] M. Kaneta, P. Yang, Effects of thermal conductivity of contacting surfaces on point EHL 

contacts, Journal of Tribology 125 (4), pp. 731-738, (2003). 
[21] S. Jang, Monochromatic image analysis of elastohydrodynamic lubrication film 

thickness by fringe intensity computation, KSME International Journal 17 (11), pp. 

1704-1713, (2003). 
[22] S. Jang, Experimental study on the shear thinning effects of viscosity index improver 

added lubricant by in-situ optical viscometer, Korea Australia Rheology Journal 15 

(3), pp. 117-124, (2003). 
[23] F. Guo, P.L. Wong, Experimental observation of a dimple-wedge elastohydrodynamic 

lubricating film, Tribology International 37 (2), pp. 119-127, (2004). 
[24] P. Yang, J. Cui, M. Kaneta, H. Nishikawa, Influence of a surface bump or groove on the 

lubricating performance and dimple phenomena in simple sliding point EHL 

contacts, Journal of Tribology 126 (3), pp. 466-472, (2004). 
[25] J. Wang, T. Hashimoto, H. Nishikawa, M. Kaneta, Pure rolling elastohydrodynamic 

lubrication of short stroke reciprocating motion, Tribology International 38 (11-12 

SPEC. ISS.), pp. 1013-1021, (2005). 
[26] S.Y. Jang, H.S. Kong, A study on the monitoring of nano scale EHL film formation with 

ultra low aspect ratio, Key Engineering Materials 297-300 I, pp. 257-262, (2005). 
[27] X.F. Wang, F. Guo, Z.X. Fu, P.R.Yang, Experimental study of an abnormal EHL film 

with inlet-dimples, Mocaxue Xuebao/ Tribology 27 (3), pp. 269-273, (2007). 
[28] M. Kaneta, S. Ozaki, H. Nishikawa, F. Guo, Effects of impact loads on point contact 

elastohydrodynamic lubrication films, Proceedings of the Institution of Mechanical 

Engineers, Part J: Journal of Engineering Tribology 221 (3), pp. 271-278, (2007). 
[29] F. Guo, Z. Fu, P.L. Wong, P. Yang, Experimental study on lubrication regime variation 

in point contacts, Tribology International 41 (6), pp. 451-460, (2008). 
[30] Z. Fu, F. Guo, P.L. Wong, Theoretical study on the interferometry of thin EHL film 

measurement, Tribology Letters 31 (1), pp. 57-65, (2008). 
[31] X.M. Li, F. Guo, Influence of spinning on elastohydrodynamic lubrication film with wall 

slippage, Mocaxue Xuebao/ Tribology 29 (2), pp. 123-127, (2009). 
[32] F. Guo, P.L. Wong, M. Geng, M. Kaneta, Occurrence of wall slip in elastohydrodynamic 

lubrication contacts, Tribology Letters 34 (2), pp. 103-111, (2009). 
[33] A. Young, S. Bair, Experimental investigation of friction in entrapped 

elastohydrodynamic contacts, Tribology International 43 (9), pp. 1615-1619, (2010). 
[34] C. Myant, M. Fowell, H.A. Spikes, J.R. Stokes, An investigation of lubricant film 

thickness in sliding compliant contacts, Tribology Transactions 53 (5), pp. 684-694, 

(2010). 
[35] J.H.H. Bongaerts, J.P.R. Day, C. Marriott, P.D.A. Pudney, A.M. Williamson, In situ 

confocal Raman spectroscopy of lubricants in a soft elastohydrodynamic 

tribological contact, Journal of Applied Physics 104 (1), art. no. 014913, (2008). 



Optical Characterization of 

Elastohydrodynamic Lubrication Pressure with Surface Plasmon Resonance 45 

[36] T. Reddyhoff, J.H. Choo, H.A. Spikes, R.P. Glovnea, Lubricant Flow in an 

Elastohydrodynamic Contact Using Fluorescence, Tribology Letters 38, pp. 207-215 

(2010). 
[37] E. Yeatman and E. Ash, Surface plasmon microscopy, Electronics Letters 23, pp. 1091, 

(1987). 
[38] B. Rothenhausler and W. Knoll, Surface-plasmon microscopy, Nature 332, pp. 615, 

(1988). 
[39] E.A. Smith, M.G. Erickson, A.T. Ulijasz, B. Weisblum and R.M. Corn, Surface plasmon 

resonance imaging of transcription factor proteins: interactions of bacterial 

response regulators with DNA arrays on gold films, Langmuir 19, pp. 1486-1492, 

(2003). 
[40] E.A. Smith, M. Kyo, H. Kumasawa, K. Nakatani, I. Saito and R.M. Corn, Chemically 

induced hairpin formulation in DNA monolayers, Journal of the American 

Chemical Society 124, pp. 6810-6811, (2002). 
[41] H.J. Lee, T.T. Goodrich and R.M. Corn, SPR imaging measurement of 1-D and 2-D DNA 

microarrays created from microfluidic channels on gold thin films, Analytical 

Chemistry 73, pp. 5525-5531, (2001). 
[42] G.J. Wegner, H.J. Lee, G. Marriott and R.M. Corn, Fabrication of histidine-tagged fusion 

protein arrays for surface plasmon resonance imaging studies of protein-protein 

and protein-DNA interactions, Analytical Chemistry 75, pp. 4740-4746, (2003). 
[43] E.A. Smith, W.D. Thomas, L.L. Kiessling and R.M. Corn, Surface plasmon resonance 

imaging studies of protein-carbohydrate interactions, Journal of the American 

Chemical Society 125, pp. 6140-6148, (2003). 
[44] C.L. Wong, H.P. Ho, Y.K. Suen, S.K. Kong, Q.L. Chen, W. Yuan, S.Y. Wu, Real-time 

protein biosensor arrays based on surface plasmon resonance differential phase 

imaging, Biosensors and Bioelecrtonics 24 (4), 606-612 (2008). 
[45] C.L. Wong, H.P. Ho, T.T. Yu, Y.K. Suen, W.W.Y. Chow, S.Y. Wu, W.C. Law, W. Yuan, 

W.J. Li, S.K. Kong, and C. Lin, Two-dimensional biosensor arrays based on surface 

plasmon resonance phase imaging, Applied Optics 46, 2325-2332 (2007). 
[46] C.L. Wong, Imaging surface plasmon resonance (SPR) photonic sensors, Thesis (Ph.D.), 

The City University of Hong Kong, 2007. 
[47] P. Yeh, Optical waves in layered media, Wiley, New York, (1988). 
[48] J. Homola, H. Vaisocherova, J. Dostalek, M. Piliarik, Multi-analyte surface plasmon 

resonance biosensing, Methods 37 (1), 26-36 (2005). 
[49] P.L. Wong, S. Lingard and A. Cameron, A simplified impact microviscometer, 

Tribology International 25 (6), pp 363-366, (1992). 
[50] R. Gohar and A. Cameron, The mapping of elastohydrodynamic contacts, ASLE 

Transaction 10, pp. 215-225, (1966). 
[51] A. Cameron and R. Gohar, Theoretical and experimental studies of the oil film in 

lubricated point contact, In: Proc. R. Soc. London, Ser. A 291, pp. 520-536, (1966). 
[52] P.L. Wong, F. Guo and C. Feng, The measurement of the refractive index of a liquid 

lubricant at high pressure within an EHL impact dimple using a single optical 

interferogram, Tribology International 36 (7), pp. 497-504, (2003). 



46 New Tribological Ways 

[53] F.V.D. Heijden, Image Based Measurement system, John Wiley & Sons, pp. 76-77, 

(1994). 
[54] T. Bose, Digital signal and image processing, Wiley, pp. 606-609, (2004). 
[55] A.R. Smith, Color gamut transform pairs, Computer Graphics 12(3), pp. 12-19, (1978). 
[56] Matlab image processing toolbox, 

http://www.mathworks.com/access/helpdesk/help/toolbox/images/f8- 

22706.html. 
[57] E.D. Palik, Handbook of Optical Constants of Solids, Academic, pp. 275-358, (1985). 
[58] Department of Applied and Computer Optics of the St. Petersburg State Institute of 

Fine Mechanics and Glass, Glass bank, http://glassbank.ifmo.ru. 
[59] C.L. Wong, H.P. Ho, K.S. Chan, S.Y. Wu, and C. Lin, Application of spectral surface 

plasmon resonance to gas pressure sensing, Optical Engineering, vol. 44, pp. 

124403,(2005). 



Tribological Properties of Fluorinated 
Amorphous Carbon Thin Films 

Miguel Rubio-Roy, Carles Corbella, Jose-Luis Andujar, Enric Bertran 

Universitat de Barcelona 
Spain 



1. Introduction 

1.1 Amorphous carbon characteristics 

The peculiar electronic configuration of carbon atoms, Is 2 2s 2 2p 2 , and the small energy 
difference between their 2p and 2s orbitals, compared to the binding energy of the carbon 
bonds, allow the electrons to rearrange in s and p mixed orbitals that enhance the binding 
energy with other atoms. This process is called hybridization and produces three different 
types of orbitals: sp = s + p, sp 2 = s + p + p and sp 3 = s + p + p + p. 

Each different bonding state corresponds to a certain structural arrangement: sp bonding 
gives rise to chain structures (with two a bonds and two ji bonds), sp 2 bonding conforms 
onto planar structures (three a bonds and one ji bond) and finally sp 3 bonding produces 
tetrahedrical structures (four a bonds). The p orbitals that form ji bonds overlap less than the 
orbitals forming a bonds. The reduced overlapping makes ji bonds weaker than a bonds. 
However, a number of scenarios are possible. Sometimes, as in ethene (C2H4), a o and ji 
bond combine producing a stronger bond between carbon atoms. This is called a double 
bond: C=C. Triple bonds consist of a a bond and two 71 bonds, as in ethyne (C2H2). Although 
chemically stronger thanks to double bonds, the mechanical stability obtained with sp 2 
hybridization in solids is limited, due to the planar geometry. Instead, sp 3 hybridization 
allows the creation of a three dimensional network of a bonds. 

Due to this variety of possible bonding configurations, carbon has a number of allotropes: 
graphene (sheet of sp 2 bonded carbons: a bonds plus delocalized 71 bonds), carbon 
nanotubes and fullerenes (graphene sheets rolled over themselves forming cylinders or 
spheres, respectively), graphite (Bernal stack of graphene sheets), diamond (network of sp 3 
bonded carbons) and amorphous carbon (cross-linked and non-organized carbon matrix 
with a mixture of sp 2 and sp 3 bonds). It is to the modification of the latter with fluorine that 
this chapter is devoted to. 

The International Union of Pure an Applied Chemistry (IUPAC) defines amorphous carbon 
as "A carbon material without long-range crystalline order". It also states that " Short range 
order exists, but with deviations of the interatomic distances and/ or interbonding angles 
with respect to the graphite lattice as well as to the diamond lattice/' 

Depending on the ratio of sp 2 and sp 3 bonds in the matrix, amorphous carbon (a-C) presents 
a variety of well-reviewed mechanical properties [Silva, 2003]. Tetrahedral amorphous 
carbon films (ta-C or TAC) present the highest hardness, with a high degree of sp 3 bonding 
and without hydrogen. It is almost exclusively deposited by filtered cathodic vacuum arc 
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(FCVA), [Martin et al, 1988; McKenzie et al, 1991; Fallon et al, 1993; Polo et al, 2000] 
although other techniques such as mass-selected ion beam (MSIB) [Kaukonen & Nieminen, 
1992; Miyazawa et al, 1984] or laser deposition [Scheibe & Schultrich, 1994; Voevodin & 
Donley, 1996] can also be used. For the hydrogenated version of ta-C, plasma beam source 
(PBS) [Weiler et al., 1996] and electron cyclotron wave resonance (ECWR) [Morrison et al., 
1999] have been used. Despite the high resemblance of ta-C to diamond on its short range 
microstructure and mechanical properties, its optoelectronics properties are controlled by 
the small percentage of sp 2 electrons with energies close to the Fermi level. [Silva, 2003] 
On the other hand, films with comparable degrees of sp 3 bonding but soft are named 
polymer like carbon (PLC). These films have high H content (above 40%), which terminates 
single bonds and therefore reduces carbon-carbon cross-linking. The quantity of sp 3 bonds is 
high due to hydrogen's preferential bonding to carbon in sp 3 configuration, but this is no 
longer related to enhanced hardness. This kind of films present a small amount of defects 
compared to others and have a wide bandgap [Silva et al., 2002]. 

Films with intermediate hydrogen content can be either hydrogenated ta-C or hydrogenated 
a-C (a-C:H). The latter is the most studied type of a-C films and has been known in the 
literature as diamond-like carbon (DLC). It is softer than ta-C(:H) but still harder than most 
materials: values ranging from 20 to 40 GPa. Density is also slightly smaller than that of 
ta-C(:H). Its main advantage is the simple setup for its deposition. A wide range of 
deposition techniques is available compared to the complex setup for ta-C deposition 
[Aisenberg & Chabot, 1971; Zou et al, 1989; Koidl et al, 1990; Kessels et al, 1998]. Also, DLC 
has a wider range of optical gaps than ta-C depending on the deposition conditions, which 
enables it for applications such as UV nanoimprint molds, where middle or near UV light 
transmission is necessary. For shorter wavelengths, thin films allow to further extend the 
working range. 

Figure 1 shows the space of film types depending on the sp 2 :sp 3 ratio and H content. Figure 
la is an updated version of the popular diagram by [Ferrari & Robertson, 2000] which 
includes hydrogenated films. Figure lb by [Silva, 2003] presents a revised diagram based on 
a wider review. 
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Fig. 1. Ternary diagrams of amorphous carbon types with respect to sp 2 and sp 3 fraction, 
and H content, a) by [Robertson, 2002]; b) by [Silva, 2003]. 
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High hardness and elastic modulus are the main features of a-C:H and ta-C(:H) films. 
However, the rigid network of the films produces a high intrinsic compressive stress of up 
to 12 GPa [Ferrari et al., 2002]. This is an important drawback in the production of DLC 
coatings, since it limits the thickness depending on the adhesion to the substrate. For badly 
adhered or too thick films, cracks can appear and finally peel off the film if they progress, or 
otherwise dramatically reduce wear resistance. Thin buffer layers between substrate and 
film can be used to avoid this problem. Several transition metals and compounds can be 
used to this respect (W, Ta, TiC, Cr, SiC, etc.) depending on the substrate nature [Lee et al., 
2000; Bahl et al, 2000; Kiuru et al, 2003]. 

With regard to surface properties, water contact angle has usually been examined providing 
relatively high values from 55° to 70°, depending on the presence of low energy C-H groups 
on the surface and the oxygen contamination of the film. The introduction of elements like F, 
Fe, Al and others has proven to be a useful method to increasing contact angle values up to 
more than 100° [Grischke et al, 1995; Chen et al, 2001] . 

1.2 Deposition methods 

DLC can only be obtained at conditions far away from equilibrium, and so it is not 
spontaneously found in nature. The control of the growth parameters broadens the field of 
carbon microstructures and, in parallel, the properties of this material, which can only be 
synthesized in thin film form. 

The production of a-C thin films is carried out by a large variety of deposition techniques. 
Some of them are adequate for laboratory studies while some others are more addressed to 
industrial production. Almost all processes work with low pressure of precursors or inert 
gases. Under these conditions, the increased mean free path of the species allows adequate 
particle energies, in order to obtain good mechanical and tribological properties. DLC films, 
and hard coatings in general, are very sensitive to particle bombardment during their 
growth. Therefore, this is a key parameter that must be controlled in any deposition method. 
Contamination by oxygen can affect importantly the properties of DLC. For this reason, 
clean processes in chambers capables of reaching low base pressures are used. The different 
methods to deposit DLC exhibit three characteristics [Silva, 2003]: 
i. A plasma is used as the source of reactive species. 

ii. The substrate is found, in general, at room temperature. At least there is no need to 
maintain a high substrate temperature during the process unlike in classical CVD processes, 
iii. Energetic particles (ions and/ or neutrals) participate in the deposition process. 

Ion beam deposition 

Ion beam deposition was the first method used for the synthesis of DLC [Aisenberg & 
Chabot, 1971]. Carbon and hydrocarbon ions coming from a graphite cathode are condensed 
in an energetic beam and produce sp 3 states as they impinge on the growing film. Ion beam 
sources operate efficiently within an ion energy range of 100 — 1000 eV. Mass selected ion 
beam (MSIB) techniques are addressed to obtain ion beams with a certain energy. Ions pass 
through a magnetic filter that selects charged species with a fixed charge to mass ratio. 
Unfortunately, the ion beam is usually weakly ionized and, thus the mechanical properties 
of DLC are not optimal. 

Sputtering 

Magnetron sputtering is a well-known physical vapor deposition technique (PVD). It is one 
of the most used techniques, in industrial environments, to grow DLC. The impinging 
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species are commonly sputtered from a graphite target, which is RF- or DC-powered, in an 
Ar glow discharge [Rubio-Roy et al., 2007a]. The energy of the ion species being deposited 
can be increased or adjusted by applying a DC bias to the substrate or by using an 
unbalanced magnetron whose magnetic field substantially reaches the substrate. 
Reactive magnetron sputtering processes are also possible if hydrogen or hydrocarbon 
source gases are added to Ar. An alternative sputtering process can be performed without 
plasma: an Ar ion beam from an ion gun sputters a carbon target, say graphite, while 
another beam bombards the growing film to promote sp 3 formation. This method is called 
ion beam assisted deposition (IB AD). 

Cathodic arc 

Cathodic arc constitutes one of the oldest vacuum deposition techniques [Randhawa, 1988; 
Sanders & Anders, 2000]. The arc discharge is concentrated at the cathode surface, where 
high ion densities («10 12 A/m 2 ) form non-stationary spots. The ionization of species reaches 
100% of the total flux, and the maximized parameter is the electron current to the anode, 
which is called arc current. The ion current is about 10 — 100 times lower than the arc 
current. This method is really appropriate to obtain hard DLC films, with a significant sp 3 
fraction, but certain issues have limited its use. First of all, films may present serious 
inhomogeneities due to the instabilities caused by the location of the arcs in the cathode. 
Secondly, the installation of a filtering device is necessary to prevent the deposition of 
macroparticles. Filtered cathodic vacuum arc (FCVA) solves the last problem by means of a 
magnetic filter, either in single bend or S-bend configuration [Robertson, 2002]. 

Pulsed laser deposition 

Pulsed laser deposition (PLD) provides energetic ions, as in cathodic arc processes. 
Therefore, it is possible to deposit DLC films with high sp 3 content with this technique, 
without the need of substrate biasing or great current discharges [Voevodin & Donley, 
1996]. The intense energy pulses (15-30 ns) of a laser beam are able to vaporize a carbon 
target, which shows major advantages when it is graphite due to minimization of droplets 
emission. Fluxes of neutrals, ions and particulates are ejected from the target through an 
intense plasma, named plasma plume. The first PLD setups used Nd:YAG lasers, operating 
at a wavelength of 1064 nm. Nowadays, excimer lasers have progressively substituted them 
because higher-quality DLC is obtained using shorter wavelengths, for instance 193 nm and 
248 nm (ArF and KrF lasers, respectively). The structures of DLC samples grown by PLD 
can be nanocrystalline diamond and ta-C. 

Plasma-enhanced chemical vapor deposition (PECVD) 

PECVD is a very popular technique to produce DLC films. A plasma is ignited in a reactor, 
between two electrodes of different areas, giving place to an asymmetrical discharge. The 
supplied power cannot be DC, since DLC may be electrically insulating. Thus, PECVD 
processes employ capacitively coupled RF power or pulsed-DC power. As depicted in 
figure 2, power is driven to the small electrode (cathode), where the substrate is placed, and 
the reactor walls are usually grounded (anode) [Rubio-Roy et al., 2007b]. 
The negative bias of the substrate cathode accelerates the bombarding ions to create sp 3 
sites. The enhancement of ion-to-neutrals ratio in the discharge needs low-pressure plasmas, 
but too low pressures will avoid a self-maintained discharge regime. This appropriate 
equilibrium is accomplished by raising the supplied power or by coupling an external 
magnetic field to the sheaths. The latter is performed in inductively coupled plasmas (ICP). 
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Electron cyclotron resonance systems (ECR) use both microwaves and magnetic field for a 
resonant transfer of energy to the electrons in the plasma. The simultaneous use of two 
different plasma sources, besides increasing the ionization degree, permits to decouple the 
particle flux and the bombarding energy of the ions [Corbella et al., 2008]. 



Glow discharge 



Cathode 




Fig. 2. Layout of a PECVD reactor. 

Electron cyclotron wave resonance (ECWR) 

When trying to couple low frequency electromagnetic radiation to a plasma, the latter 
behaves as a conductive medium and totally absorbs the incident waves within a 
characteristic absorption depth ("skin" depth). The plasma becomes transparent to the 
electromagnetic waves only when the excitation frequency exceeds the plasma frequency or 
when its conductivity is reduced (e.g.: with higher plasma density). However, RF excitation 
frequencies require very low plasma densities. 

ECWR consists on applying a weak magnetic field («20 G) that inhibits plasma conductivity 
by confining electrons in cyclotron orbits around the field lines. Hence, the electromagnetic 
radiation can be distributed across the plasma, which contributes to increase the plasma 
density and generates propagating electromagnetic modes [Morrison et al., 1999; Rodil, 
2000]. The dimensions of the chamber are set so that one of these modes matches the 
resonant condition. 



1.3 Tailoring of amorphous carbon properties 

DLC shows special surface properties, and in some cases, they must be tuned depending on 
the selected application. The physical and chemical properties can be tailored by adding 
new elements into the a-C matrix as nanocomposites or by structuring the material in 
multilayers or gradient coatings. This provides the so-called modified a-C. Another strategy 
consists on patterning its surface, as explained in section 3.1. 

Regarding the mechanical properties of DLC, both hardness and elastic modulus reach high 
values, and can be tailored by controlling the sp 3 fraction and hydrogen content, if any. 
Although hardness of a-C:H ranges from 20 to 40 GPa, the rigid network of the films 
provides an intrinsic compressive stress ranging from 0.5 to 12 GPa. This high stress is an 
important drawback in the production of DLC coatings, since it limits the film thickness to 
less than 1 |um. In fact, the accumulation of micro-strains within the amorphous matrix leads 
to a global compressive stress that is large enough to damage the film by development of 
cracks and strains that prevent the adhesion to substrates and reduce film stability. DLC 
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films, deposited by RF-PECVD, thicker than 50 nm are generally so stressed that they lose 
their consistency and delaminate. 

Besides improving adhesion to substrate, another strategy to avoid film peeling is stress 
relaxation. This is possible through doping with N, Si or metals, as well as by post-annealing 
or incorporation of nanometric particles (DLC nanocomposites), but these operations may 
degrade the mechanical properties [Zhang et aL, 2002; Chen & Hong, 2003; Corbella et al., 
2009a]. Metal incorporation in a DLC matrix has been proved to reduce stress below 1 GPa 
and maintain hardness and wear rate within acceptable values [Dimigen et al., 1987]. Low 
stress values are also achieved by depositing alternating hard and soft a-C layers [Ager et 
al., 1997; Logothetidis et al., 2000]. The resulting multilayered structures show a lower 
overall stress, and hardness is almost unaffected. Metal and a-C multilayers (Me/ a-C) 
[Bertran et al., 2003], as well as a-CN/a-C structures [Pino et al., 2001], have been also 
deposited with similar results. Bias-graded deposition of DLC provides the best tribological 
performance through surfaces showing high sp 3 /sp 2 ratios, which gradually decrease from 
the surface to the interface in order to enhance adhesion [Zhang et al., 2004]. Another way to 
improve coating adhesion consists in growing a buffer layer (Ti, Cr) prior to DLC 
deposition. Figure 3 summarizes the above mentioned strategies. 





a) b) c) d) 

Fig. 3. DLC modified structures: a) multilayers; b) buffer layers; c) composition-graded 
coatings; and d) nanocomposites. 

DLC films with hydrogen are mostly exploited in tribological applications due to their low 
friction coefficient and low wear rate. In all environments, the tribological behavior of DLC 
is controlled by an interfacial transfer layer formed during friction [Voevodin et al., 1996]. 
Thus, DLC is a valuable alternative as solid lubricant for applications where liquids are not 
convenient. 

Besides wear and corrosion resistant, DLC is also known to be a hydrophobic material. The 
C-H groups located on the surface diminish the wettability, which is parametrized by the 
contact angle held between a liquid drop and the film surface. DLC typically exhibits a 
contact angle of 55-75° for water, although it can be increased by adding metals such as Fe 
or Al. In the case of Al-DLC, the contact angle exceeds 100° [Chen et al., 2001]. The high 
hydrophobicity shown by a-C:H:Si:0 and a-C:H:F films is also advantageous for anti- 
sticking and self-cleaning applications [Grischke et al., 1998; Rubio-Roy et al., 2007b]. 
Highest values of contact angle are reached when combining hydrophobic films together 
with special surface architectures [Kim et al., 2007]. On the other hand, a-C:H:Si:0 films find 
also applications as ophthalmic and decorative coatings due to their comparatively high 
optical transmittance. The resistance to higher temperatures makes a-C:H:Si ideal as 
protective coating in components for thermal processes. 
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Low roughness is another intrinsic surface property that makes DLC films suitable for 
certain tribological applications. DLC layers show a flat and smooth surface, with their 
roughness being minimized when deposited by filtered arc evaporation. RMS surface 
roughness below 0.05 nm has been reported for DLC deposited either by sputtering or 
PECVD [Peng et al., 2001]. These atomically flat surfaces show improved tribological 
properties of importance for applications such as hard drive disk coating. Moreover, surface 
roughness of ultra-thin DLC films is revealed to follow fractal scaling laws, i.e. it is related 
to film thickness through an exponential function [Casiraghi et al., 2004]. 

1.4 Applications 

The wide variety of applications of DLC is mainly addressed to hard coatings with special 
tribological properties. These properties can be tuned by modifying DLC structure and by 
incorporating other elements [Hauert & Patscheider, 2000], whereas other properties ensure 
its performance as optical filter or for components with electronic functionality. 
The fastest growing market for DLC application during the previous years was the 
automotive industry [Lampe et al., 2003], in which DLC, ta-C, W-DLC and WC/C 
multilayers were being preferentially developed as hard and tribological coatings 
[Hauert, 2004]. Automotive industry demands solutions for preparing low friction and 
wear resistant coatings for lubricant performance on components. DLC fulfils these 
requirements and has been tested on a large number of automotive components: gears, 
wrist pins, valve filters and fuel injector parts. Specifically, serial production of metal- 
containing DLC (Me-DLC) coatings by physical vapor deposition has been performed on 
diesel injection systems [Gahlin et al., 2001]. The modern high-pressure injection systems 
were developed thanks to DLC. Also, racing cars were the first targets in automotive 
applications of DLC, where it was used to maximize engine power by friction reduction 
[Johnston & Hainsworth, 2005]. 

The combination of elevated hardness and wear resistance of DLC is appropriate for 
cutting and abrasive wear instruments, like drills and other machines used in material 
manufacturing. Optimal frictional properties of DLC coatings increase efficiency and 
lifetime of ultrasonic motors (USM), which have applications in robotics and automation 
equipments [Ko et al., 2005] where liquid lubricants are not an option. Also, dry lubricants 
are indispensable for pharmaceutical and food processing systems because of 
requirements of chemical inertness and low friction. In this way, any machine component 
is protected by DLC: worm gears, lead screws, roller bearings, compressors and air 
bearings. Concerning textile industry, the existence of residual substances and adding 
compounds in yarn motivate the coating with DLC of components of textile machines in 
contact with yarn, e.g. spinning rings, rapiers and needles. Anti-sticking properties of 
DLC are used to obtain better product quality in injection molding. Gillette Mach3 blade 
edges constitute a successful application of ta-C. These edges, coated by 150 nm thick 
DLC, appeared in 1998 and consolidated razor blades as one of the basic applications of 
this material. 

DLC and modified DLC present elevated hydrophobicity, which is a basic requirement for 
surfaces of fluid-contacting components and devices. This material is useful to improve 
surface properties of inner walls of pipes and tubes. Presently, extensive research is being 
carried out to use DLC as gas barrier on the inside surfaces of bottles and packaging due to 
its high atomic density [Chhowalla, 2003; Abbas et al, 2005; Ozeki et al, 2009]. 
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DLC coatings are applied in optical storage devices in order to protect the disk. The main 
conditions are low wear rate and transparency in the recording wavelength and low 
deposition temperature to allow the use of polymeric substrates. 

The high transparency in the infrared (IR) range makes DLC suitable for surface-protection 
applications in IR optics [Rusliet al., 2003]. In the visible range, sunglasses from Ray-Ban 
and glass plates for laser barcode scanner windows demonstrate the performance of DLC as 
scratch resistant coating for light transmitting surfaces [Hauert, 2004]. The control of 
interferential colors suggested DLC films for their use as decorative coatings. 
Electroluminescent and phase-shifting are other applications of DLC. 

Protection to corrosion and wear of magnetic hard disks is one of the most widespread uses 
of ultra-thin DLC coatings [Morrison et al., 1999; Bhushan, 1999]. They must be ultra-thin to 
minimize the gap between the disk and the recording head, to achieve the highest areal 
storage densities. Magnetic media are currently protected by an approximately 2 nm thick 
DLC overcoat. Atomic smoothness (<0.15 nm) and absence of pinholes are of importance in 
order to protect the disk from corrosion [Jiang et al., 2010; Casiraghi et al., 2004]. 
Current research on DLC or modified DLC is mainly motivated by its biocompatibility 
[Grill, 2003; Hauert, 2004; Roy & Lee, 2007; Ma et al, 2007]. This property, together with 
antithrombogenicity, makes DLC-based films special candidates for medical applications 
where wear-resistant coatings, such as in prosthesis, are required. The surfaces of the 
implants are exposed to body cells and fluids, and are also exposed to potentially corrosive 
medium. These effects can provide cellular damage, infections, blood coagulation and 
failure of the implants. Coating the implants with protective films, which can reduce 
corrosion and wear, may extend the lifetime of implants by preventing or alleviating the 
aforementioned issues. Further biomedical applications include surgical tools and other 
devices in contact with blood or organic tissues [Dearnaley & Arps, 2005]. 

2. Modification with fluorine 

2.1 Fluorine incorporation 

In addition to metals, the introduction of Si, O, N or F in a-C films has also been 
investigated. In this case, O and N increase the surface free energy (SFE), while Si and F 
reduce it. Interestingly, addition of both Si and O can reduce the SFE more than only with Si 
[Grischke et al., 1995]. Among these elements, fluorine incorporation exhibits the highest 
water contact angles (higher than 100°) and the lowest surface energies (about 20 mj/m 2 ). 
A number of recent studies regarding the introduction of F in DLC films (FDLC) can be 
found in the literature. However, one must distinguish between growing fluorinated films 
and fluorinating films or other surfaces. The former corresponds to the growth of films 
containing fluorine in bulk, while the latter only adds fluorine functionalization to the 
surface. This chapter focuses on the growth of fluorinated films. 

Fluorination of surfaces is easily achieved by etching with common fluorocarbon plasmas. 
This consequence has sometimes been seen as an adverse effect and cleaning procedures 
have been designed to remove fluorinated groups from the surface [Simko et al., 1991]. 
Others have intentionally used fluorocarbon plasmas to functionalize surfaces [Miyamoto et 
al, 1991; Korotkov et al, 2007; Roy et al, 2007]. 

The advantage of growing fluorinated films is that even after being worn out to some extent, 
the new surface preserves bulk's chemical composition. In addition, fluorine not only 
changes surface properties but also provides interesting bulk properties. Fluorinated 



Tribological Properties of Fluorinated Amorphous Carbon Thin Films 55 

amorphous carbon has been extensively studied as a low dielectric constant (1ow-k) material 
for electronic devices where parasitic capacitance must be avoided, because it can be 
deposited with microelectronic compatible methods. Static dielectric constant values as low 
as 2.1 have been obtained by RF-PECVD with CH4 and CF4, with increasing e r with RF 
power [Endo & Tatsumi, 1995]. As a comparison, the traditional dielectric layer in 
microelectronics, SiC^, has £ r = 4.0 and current dielectrics used in 90 nm, 65 nm and 40 nm 
lines of Intel® processors have e r = 3.0 [Grill, 1999]. The other major property of fluorinated 
amorphous carbon is its reduced surface energy. Compared to Si, fluorine not only reduces 
its polar component but also the dispersive contribution. The introduction of fluorine in the 
film displaces hydrogen, and bigger -CF2 and -CF3 groups are formed. This reduces the 
network density therefore reducing the dispersive component [Grischke et al., 1995]. When 
the appropriate growing conditions are used, low surface energy coatings (20 mj/m 2 ) with 
improved hardness (5 to 20 GPa) over PTFE (18 mj/m 2 and 0.3 GPa) can be obtained. These 
conditions are reported to fall into the moderate fluorination conditions 
( Rf m = [F] / ([F] + [C]) < 0.2 ) [Donnet, 1998]. 

The deposition process of fluorinated a-C films is usually performed by PECVD although 
sputtering has also been used in some studies. The deposition by sputtering can be 
performed in reactive mode by using a graphite target and some fluorocarbon gas (e.g. CF4, 
CHF 3 , etc.) [Trippe et al, 2004; Jiang & Ning, 2006; Guerino et al, 2007] or by directly 
sputtering a PTFE target [Gonon & Sylvestre, 2002; Tang et al., 2005]. 

Instead, more work can be found in the literature about PECVD. There is a number of 
possible precursors with different C:F ratio which can be used to deposit fluorinated 
amorphous carbon. As reported, film's fluorine content is primarily determined by the gas 
precursor chemistry. Generally, more fluorine in the process gas results in higher fluorine 
concentration in the film; adding hydrogen to the feed gas reduces the film F:C ratio 
[Mountsier & Samuels, 1998]. CF4 is one of the highest F:C ratio precursors available. 
Combined with CH4, it is reported to produce lower dielectric constant than other 
precursors, and Vicker's hardness values from 5 to 10 GPa [Jacobsohn et al., 2000]. Other 
studies, show results for the same gases with hardness values from 16 to 19 GPa and surface 
free energy values descending from 40 mj/m 2 for films deposited from pure CH4 to about 
28 mj/m 2 for 4:1 CF 4 :CH 4 gas flow ratio [Yu et al, 2003]. 

The results presented in this chapter were obtained using CHF3, a barely studied gas for 
PECVD processes. Only a few papers, concerning deposition of 1ow-k dielectrics, can be 
found in the literature and diamond-like properties have virtually not been sought with this 
precursor. Among them, an article from Winder and Gleason shows lower roughness values 
and higher fluorine incorporation for films deposited from CHF3 than C2H2F4 or CH2F2 
[Winder & Gleason, 2000]. Xin et al. have also published work about growth of a-C:F:H 
films deposited with CHF3 and using ECWR-PECVD. Neither the mechanical properties nor 
the surface energy of the films were examined [Xin et al., 2003]. 

However, more work can be found dealing with the use of CHF3 as precursor for plasma 
treatments, including treatments of previously grown DLC films [Kawasaki et al., 2004]. 
Schvartzman and Wind make use of the modified DLC for NIL molds and show slightly 
lower surface free energy values for surfaces treated with CHF3 than with C4F8 
[Schvartzman & Wind, 2009]. 
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2.2 Surface and chemical properties of FDLC 

X-Ray Photoelectron Spectroscopy (XPS) [Goldstein et al., 1992] is an adequate technique to 
quantify fluorine to carbon ratio in the films, although it is not able to detect hydrogen. The 
analyzed films always show lower F to C ratio in the film than in the precursor. For 
example, for films deposited with pure CHF3, F to C ratio in the gas is 3 while in the film is 
one. The results of F:C ratio in the film are shown in figure 4 as a function of 
JR^P = CH p 3 /(0 CH p 3 + ® C h 4 ) , where O x represents the gas flow of x. 
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Fig. 4. Atomic F to C ratio in the film as determined from XPS analysis for two series of 
samples (deposited with 10 seem of total gas flow, red squares; and 25 seem blue circles). 

The diamond-like characteristics of the films for low R^hf su gg est that the growth 
mechanism is ruled by the subplantation model [Robertson, 2002; Lifshitz et al., 1989, 1990, 
1994]. Under these conditions, there is an intense energetic ion bombardment which 
subplants energetic species, either locally increasing stress (according to McKenzie et al. 
[McKenzie et al., 1991]) and stabilizing diamond-sp 3 phase, or by locally increasing density 
which would tend to increase sp 3 bonding as well (according to Robertson [Robertson, 
1993]). In any case, ion bombardment causes the loss of hydrogen and fluorine from the 
surface and subsurface. 

Ion bombardment is carried out by positively charged species that are accelerated in the 
plasma sheath towards the sample. At low R^hf ' ^ uor i ne ( an d probably hydrogen) 
incorporation into the film is low while for low methane concentrations the F:C ratio rises 
significantly. The high hydrogen content provided by CH4 probably etches away fluorine 
atoms back to the plasma, which fits with optical emission spectroscopic actinometry 
results, from the plasma, for atomic F. For a-C:H films, it is believed that atomic H, either 
neutral or ion, reacts with C-H bonds, abstracting H and creating H2. According to these 
results, when fluorine is added, atomic H probably reacts with F in the film, as well, creating 
volatile HF. 

As i^HF * s increased, hydrogen introduced as part of the feed gas is reduced and, 
eventually, fluorine content in the films starts to increase. Therefore, the reduction of atomic 
hydrogen increases the chances of fluorine to remain in the film. Fluorine, the substitute of 
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hydrogen when K^hf * s increased, does not produce the same effect as H, due to its strong 
electronegativity, therefore avoiding the bombardment of F atoms. In addition, ion energy 
measurements have shown that the progressive substitution of CH4 by CHF3 reduces, and 
finally eliminates, the population of high energy ions [Corbella, 2009b]. The combination of 
hydrogen reduction, exchange by a strong electronegative atom (F) and reduction of the 
density of energetic ions bombarding the growing surface, would explain the non-linear 
increase of [F]/[C]. 

2.3 Friction of FDLC 

Several factors influence the frictional behavior of DLC thin films: the degree of sp 2 or sp 3 
carbon bonding, the amount of hydrogen in the film, the eventual alloying elements, the 
chemical and mechanical interactions between film and ball, the ball composition or the film 
and ball roughness [Erdemir & Donnet, 2006]. Moreover, the sliding conditions of speed and 
load [Heimberg et al., 2001] or debris production can also determine the possible 
interactions in the experiment. The interpretation of friction data is therefore not 
straightforward. 

The results presented in this section correspond to measurements carried out with a 
nanotribometer (50 mN load) in a controlled N2 + H2O atmosphere as detailed elsewhere 
[Rubio-Roy, 2009]. 

Measurements show that friction coefficient is reduced for increasing relative humidity (RH) 
between 20% and 60%. Beyond that point, it does not suffer significant variation. Moreover, 
for high RH, friction does not seem to depend on the fluorination degree of the films. 
Regarding the effect of fluorine introduction, non-fluorinated films provide, on average, the 
lowest friction, while films deposited with K^hf =10% show the highest friction (0.4 for 
20% RH). For higher F concentrations friction coefficient is reduced again. Low-fluorinated 
films see their friction more affected with humidity than non-fluorinated or highly- 
fluorinated DLC films. 

Optical microscope photographs (see figure 5b) show fiber-like debris particles at both sides 
of the sliding track. This phenomenon occurs when discontinuous wear is given contrary to 
what happens when a transfer layer is present between the sliding counterpart and the film 
surface [Erdemir & Donnet, 2006]. 

Hydrogen terminated surfaces provide low friction characteristics due to the passivation of 
o and 71 carbon bonds on the surface [Erdemir & Donnet, 2006]. As the WC ball slides over 
the surface, H atoms are mechanically removed from the film by strain effects thus leaving 
superficial dangling bonds [Li et al., 2005]. Depending on the experimental conditions, and 
specifically on the gas environment, hydrogen and hydroxyl groups originated from water 
will passivate these bonds again. In our experiment, for RH between 20% and 60% the 
results would justify this casuistic, so that bonds would react with water to restore 
themselves to a low energy state. However, for higher presence of water (from 60% to 80%), 
friction is stabilized for all films and independently of humidity or fluorine content (see 
figure 6). For these values of RH, a layer of physisorbed water could be formed on the 
surface, as already suggested by other authors [Erdemir & Donnet, 2006; Erdemir, 2001], 
which would make friction independent of the films 7 variations. 

Regarding the rather high friction values for ^hf — 10% in comparison to the rest, this 
behavior could be due to at least two competitive mechanisms. One of them would be the 
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Fig. 5. a) Friction vs number of debris particles visible at 50 x (200x200 |um).The dependence 
of friction with number of particles is only clear for high friction values; b) 50 x optical 
microscope picture of a typical sliding track, corresponding to a film with R^hf = 10% 
measured CHF3 at 60% RH. Fiber-like debris particles are present at both sides of the sliding 
track. 
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Fig. 6. Friction dependence on humidity and fluorination degree. 
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somewhat beneficial effect of F presence to reduce friction by reducing adhesion to the 
sliding counterpart and by passivating carbon with a high-energy bond. The other would be 
the disadvantageous effect of a lower C atomic density (F is bigger than H), the reduced 
reservoir of H inside the film that would otherwise relink dangling bonds on the surface, 
and the probable decrease of H in the film as expected from the reduction in hydrogenated 
species in the plasma, from optical emission spectroscopic actinometry. The increase of 
friction with fluorine for humidity values below 40% is in agreement with other analogue 
works [Gilmore & Hauert, 2001]. 

The statistical analysis of 50 x micrographs, taken after the tests, reveals that the influence of 
debris production in friction must also be taken into account as friction increases, where a 
stronger correlation between debris and friction is found. However, for low friction 
experiments, debris influence is limited and strongly coupled to microscopic effects (tests 
with similar debris production have different frictions and the other way round). 
Films 7 roughness (as measured from atomic force microscopy) is sufficiently low so that it is 
a minor factor in friction phenomena for the tested R^hf ran g e )' n °t producing 
interlocking and/ or asperity-asperity interactions during sliding. 

2.4 Abrasive wear of FDLC 

Abrasive wear measurements were carried out with a 1:3 suspension of alumina particles 
1 |^m in diameter in glycerin. Such setup is highly hygroscopic and minimum changes in 
ambient humidity can affect the results. All measurements must be done during a short 
period of time (to avoid water absorption) and at a controlled temperature and relative 
humidity (here 23°C and 33 % ) . 

CSM Calowear equipment was used to measure the abrasive wear resistance of the 
amorphous carbon films. The measurement setup consists on a plastic or hardened stainless 
steel ball leaning against the surface of interest (which is tilted a known angle) and spun by 
a rotating shaft at a known distance from the surface. As the ball center does not move 
relatively to the surface, the footprint of the test is very small. More details about the setup 
can be found elsewhere [Gee et al., 2003]. 

Two different balls with equal diameter were used to test the wear resistance: a steel ball 
applying a force of 0.54 N and a plastic (polyacetal) ball producing 0.092 N of normal load. 
The deposited films showed high wear resistance up to R^hf =80% (see figure 7), with 
values in the range of 0.2xl0 3 |um 3 /Nm to 0.4xl0 3 |um 3 /Nm, one order of magnitude more 
resistant than monocrystalline Si (100) in the same conditions (2.1 xlO 3 |um 3 /Nm). Fluorine 
content slightly increases wear rate, which is consistent with the observed changes in 
composition. The overall stability of the films is excellent. Data in figure 7 at R^hf = 10% , 
40%, 60% and 80% correspond to two-year-old films, in contrast to the rest of data, which 
corresponds to recent (weeks old) films. Contact angle measurements also confirm the 
stability of the films. 

For more fluorinated films, this setup worn the film too much, so that the rate could not be 
measured. This is probably a consequence of both the reduced cohesive forces of the films 
and a loss of adhesion between film and buffer layer. 

However, using the plastic ball during shorter periods of time, it could be determined that 
fluorinated films are up to 5 times more resistant than Si up to ^hf = 80% . Beyond that 
point, Si is more resistant, which evidences either a dramatic reduction of adhesion between 
film and buffer layer, or a strong structural and chemical change of the film. 
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Fig. 7. Abrasive wear rate of the films after 6 min with a 1:3 suspension of alumina particles 
1 |um in diameter in glycerin, with a load of 0.54 N 



3. Modification by surface structuring 

3.1 Structuring strategies 

Tribological measurements of patterned surfaces involve the use of macroscopic probes, in 
order to sufficiently average the effect of the structures. Therefore, large-area capable 
patterning techniques are required. Here, we report on the tribological properties of samples 
prepared by colloidal lithography (bottom-up approach), although other structures have 
also been prepared by electron beam lithography (top-down). 

Colloidal lithography is a fast, cost-efficient technique able to produce periodic nanometric 
features in large-scale (up to some centimeters or more) with high quality. The technique 
consists on the arrangement of particles on a substrate so that they can be used as a 
template/ mask for subsequent etching (see figure 8). Although CL is less versatile than EBL 
or other lithographic techniques, regarding non-periodic patterns, the reduction of time and 
resources for the production of large-area periodic nanopatterns represents important 
advantages for certain applications or fields such as photonic crystals, [Lopez, 2003] 
thermophotovoltaics [Mao & Ye, 2010] or optical biosensors [Dorfner et al., 2009]. The 
differences in the structuring produced by ion beam etching with different angles have been 
studied as a method for nanoimprint mold fabrication [Portal et al., 2009]. 
On the other hand, the realization of sub-100 nm features in large areas with e-beam 
lithography (EBL) requires the stitching of several exposure fields. Proper alignment of the 
fields is complicated and, depending on how critical good stitching is, specific design of the 
equipment is required. Laser interferometer driven stages provide state-of-the-art stitching, 
but even with them a small thermal expansion/ contraction of the sample after introduction 
on the e-beam writer is to be expected even for small temperature differences. This change 
in size can affect the stitching quality if enough time is not allowed for stabilization. 
With these precautions taken into account, EBL is a suitable technique for large-area 
patterning, although expensive equipment is required, and patterning is slow. Other faster 
techniques such as those based on light (X-Ray or extreme UV lithography) can be much 
faster but also even more expensive. 
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Fig. 8. Fabrication process of DLC films with patterned surface: i) Synthesis of silica 
particles; ii) Particle deposition by Langmuir-Blodgett (colloidal template); iii) Pattern 
transfer to the substrate surface (Ar+ beam etching); iv) DLC film deposition on the 
patterned substrate. 

In the following subsection we report on the friction and wear behavior of structured DLC 
films. 

3.2 Friction and wear of patterned films 

As described above, surface structuring leads to a variation in surface properties, such as 
adhesion, wear resistance, friction, wettability and gas adsorption. Textured coatings must 
show superior tribological properties in applications leading to strong interfacial 
interactions like nanoimprint molds, self-cleaning surfaces, MEMS and data storage devices. 
A series of DLC samples with modified surface topographies were prepared by colloidal 
lithography following the procedure schematized in figure 8. After DLC deposition on the 
patterned c-Si samples, the surface topography was studied by scanning electron 
microscopy (SEM) and atomic force microscopy (AFM), and friction tests were performed 
on them. 

Coefficient of friction was measured by means of a nanotribometer from CSM Instruments 
in ball-on-disk configuration. The ST-117 cantilever was used with a WC ball 3 mm in 
diameter and 100 mN of load was applied on the sample, performing circular tracks of 
1.6 mm in diameter at 1 mm/s during 6250 cycles. The measurements were carried out in a 
nitrogen atmosphere at 40% relative humidity, which was controlled by means of a PID 
system equipped with a water bubbler. More details can be found elsewhere [Rubio-Roy et 
al, 2009]. 

SEM micrographs in figure 9 show the surface morphology of DLC films deposited on 
substrates that underwent different times of ion beam etching. In these samples, film 
thickness is of the order of the pit depth after etching, i.e. 50 nm. The shadowing effect of the 
silica particles (SP) led to the formation of a pillar network. The substrate was only etched at 
the interstices of the 2-D crystal monolayer, which acted as a sacrificial template during the 
substrate lithography. Thus, the resulting topography reproduced the pattern of the CL 
template, where the pillar top coincides with the substrate region protected by the particle. 
In general, the pillar height increases with etching time. However, the surface structure 
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substantially changes when the etching time surpasses a threshold between 30 and 45 min. 
According to figure 9, the pillar network vanished with 45 min of substrate etching. At this 
etching time, the SP could not be removed from the patterned c-Si probably due to an effect 
of particle implantation. Furthermore, when the IBE is performed during 60 min, the SP are 
totally etched, i.e. the particle monolayer that constitutes the etching mask is removed by 
the bombarding ions and only the resulting rough surface remains. 





a) 



b) 





c) d) 

Fig. 9. SEM micrographs of DLC-coated (50 nm) substrates patterned by colloidal 
lithography for different etching times: (a) 15, (b) 30, (c) 45 and (d) 60 min. [Corbella et al., 
2010] 

Figure 10a shows the evolution of coefficient of friction of a flat DLC film measured with the 
nanotribometer. This parameter increased gradually from 0.12 to 0.23 passing through 
different stages. As reported elsewhere, the curve is divided into three sections [Corbella et 
al., 2009b]: run-in period, transition regime and steady state. The variations in the first stage 
are ascribed to surface ploughing and mechanically induced desorption of hydrogen. 
During the transient regime, surface modification conformal to the ball shape takes place, as 
well as interactions with wear particles. Finally a steady state is achieved around cycle 
#4000. This scenario changes in the case of structured DLC samples (figures 10b and 10c). 
The coefficient of friction, which is already stabilized around or prior to cycle #1000, ranges 
between 0.17 and 0.20. The measured samples achieved lower and more stable values than 
in the flat DLC coating. Spikes in the friction coefficient (not shown in figure 10 due to data 
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smoothing) could come from momentary interactions of the wear particles with the ball of 
the nanotribometer. These particles, which are debris removed from the sample during the 
tests, contribute to enhance the friction via several mechanisms, as for instance dragging, 
ploughing or adhesion. 
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Fig. 10. Evolution of coefficient of friction of DLC films deposited on a) flat, b) 15 min, and 
c) 30 min etched substrates. In the first plot, we have indicated the run-in period, transition 
region and steady state. 

The wear effects on surface structure due to nanotribometry are evidenced by the 
morphological changes of the pillars located on the wear track. These pillars lost the concave 
ending observed in figure 9. Thus, the pillar edges constitute the initial contact region 
between the ball and sample surface. Since the pillars are progressively worn by the WC 
ball, the friction increases until the pillar top becomes flat. From this moment onwards, the 
coefficient of friction of the patterned DLC stabilizes into the values shown in figure 10. The 
wear rate was quantified from AFM profilometry of the volume removed by the ball. A 
value of 10" 7 mi^N^m- 1 was measured for flat DLC from the wear track left by the 
nanotribometer, whereas textured DLC exhibited a rate 10 times higher. The reduced 
contact area in the case of a patterned surface with respect to a flat surface may cause this 
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increase in wear rate. Therefore, more robust structures are required to improve the wear 
resistance. 

The coefficient of friction of the sample etched during 15 min (figure 10b) is reduced 13% 
with respect to flat DLC, whereas the reduction corresponding to the sample etched for 
30 min is 26% (figure 10c). This behavior is in agreement with the results from Jung et al., 
where the role of asperity size on friction was discussed [Jung et al., 2006]. The reduction in 
the stable values of coefficient of friction may be ascribed to the trapping effect of the pits 
defined by the micro-pillars. These interstices could store the wear particles generated 
during the tribological tests. The effect of these wear particles on friction force is thus 
alleviated in comparison with systems formed by lower pillars [Dumitru et al., 2003]. Also, 
the higher pillars lead to a weaker interaction with the sample due to the larger distance 
between the WC ball and the base surface. This explanation supports the monotonic 
reduction in friction coefficient as the pillar height increases. In this scenario, the 
preparation of a non-close-packed 2D crystal could give place to weaker friction forces due 
to a more important particle trapping. A more complete modeling of the tribological 
phenomena at the nanoscale should also account for the elastic response of the micro-pillars 
to the friction force. 
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1. Introduction 

In the tribology application of thin films, in order to improve wear resistance properties, 
super hard films composed of boron, carbon and nitrogen have attracted much attention in 
recent years as known boron, carbon and nitrogen are used as basic component elements 
(Enomoto. Miyake, 1994; Miyake, 1999; Miyake et aL, 1994). As also, it is expected to realize 
the application of solid lubricant films which will be provided super low friction coefficients 
to improve the lubricant properties of surfaces. 

More and more so-called solid lubricant films in stead of lubricant oil are expected to work 
under such extreme conditions as high-temperature and vacuum operations in which 
lubricant oil is unqualified to run. In these solid lubricant materials, the representatives are 
soft metals as Au and Ag, crystallizing layered inorganic compounds as graphite, h-BN, 
M0S2 (molybdenum disulfide) and WS2 (tungsten disulfide) and polymers as PTFE 
(polytetrafluoroethylene) et al. (Enomoto & Miyake, 1994). On the other hand, a wear- 
resistant, not the conventional solid lubricant film, is desired to reduce atomic-scale wear 
and friction force fluctuation (Miyake et al., 1994; Miyake, 1994; Miyake et al., 1992). One 
candidate is carbonaceous films such as diamond and diamond like carbon films, which 
have wear-resistant and lubricating properties (Miyake et al., 1994; Miyake, 1994; Miyake & 
Kaneko, 1992). 

The volume module of a hypothetical material, 6-C3N4, which is structurally analogous to fi- 
C3N4, may be larger than or equal to that of diamond (Liu & Cohen, 1989). The hardness of 
this stoichiometric crystalline carbon nitride is expected to exceed that of diamond. Partially 
crystalline carbon nitride films have been deposited by reactive sputtering, and their 
structure and compositions have been investigated. In our previous studies, the use of an 
atomic force microscope enabled accurate evaluation of the effect of nitrogen inclusions on 
nanoindentation hardness and micro wear (Miyake et al., 1994). 

Research on the development of nanoperiod multilayer films has recently been carried out, 
to improve the film hardness. For example, hard multilayer films were deposited, and it was 
found that the hardness of these multilayer films was significantly improved compared with 
that of one monolayer of them. As a super hard film, the superlattice film laminated with 
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thin layers by several nanometers was investigated. Concretely, superlattice films such as 
CNx/TiN (Li et al, 1995) and TiN/AIN (Nakayama, 1997) were performed. In our studies, 
the (CN/BN)n multilayer film was proposed to deposit using boron nitride and carbon 
nitride layer by layer (Miyake et al., 1999) to form a novel superlattice film and its properties 
were investigated. The hardness enhancement mechanism of a superlattice film is based on 
the restriction of dislocation movement within and between layers in the superlattice film 
(Donohue et al., 1995). In our previous study, a nanoperiod (CN/BN)n multilayer film was 
deposited in order to improve its hardness (Miyake & Sekine, 2000). The nanoindentation 
hardness and modulus of dissipation of a 4-nm-period multilayer film are the highest and 
the lowest among other multilayer films (Miyake, 2003). The dependence of atomic-order 
wear properties on sliding cycles indicates that the wear resistance increased at the interface 
between the CN and BN layers of the multilayer films (Miyake, 2003). 

Generally, friction force is proportional to contact area A and shearing strength S, i.e. F = 
AS. Friction coefficient |u is defined as friction force F divided by load W, i.e. |u = F/W = 
AS/W. Hardness is defined as H = W/A. Therefore, |u = S/H. i.e. the friction coefficient \i is 
approximately proportional to the ratio of shearing strength S to hardness H (Bowden et al., 
2004). To develop new low-friction solid lubricant films, the hardness H must be increased 
and the shearing strength S must be decreased, as shown in Fig. 1 (Miyake et al., 2004). 
Therefore, nanoperiod multilayer films composed of low-shearing-strength graphite and 
hexagonal boron nitride (h-BN) that have solid lubricating properties, are expected to have a 
low friction coefficient because the hardness is increased due to the nanoperiod 
multilayered structure, while the shearing strength is decreased due to the inclusion of the 
low-shearing-strength C and BN layers (Miyake et al., 2004). 
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Fig. 1. Low-friction model of nanoperiod multilayer solid film: as the shearing strength S is 
constant, \i decreases with an increase in hardness. 

In this study, by utilizing the superlattice film technique above, the hard films were 
proposed to deposit and their hardness in perpendicular direction were significantly 
increased with increasing their elastic moduli. It is considered that the friction coefficient is 
decreased due to the effect of the hardness increases as keeping the shear resistance of a 
sliding plane paralleling its substrate. Our aim is focused on developing a new solid 
lubricant film with an extremely low friction which usual simple film and mixed film 



Deposition and Tribology of Carbon and 

Boron Nitride Nanoperiod Multilayer Hard and Solid Lubricating Films 



73 



material lacked of carbon and boron nitride nanoperiod multilayer films were deposited by 
RF sputtering using two semicircular targets. Auger electron spectroscopy (AES), X-ray 
photoemission spectroscopy (XPS) and Fourier transform infrared spectrometer (FTIR) 
analysis were used to observe the coatings structure. Nanoindentation and microwear tests 
were carried out to investigate the nanometer-scale deformation properties, macroscopic 
friction coefficient and sliding endurance of these films. 

2. Experimental methods 

2.1 Film deposition 

As shown in Fig. 2, films were deposited by a RF sputtering system, in which both targets 
and substrate were supplied with high frequency RF power. Then, two semicircular 
graphite and boron nitride sinters were used as targets, and they were fixed in the target 
holder. A film was deposited by rotating a substrate, and two kinds of the semicircular 
targets were set to alternately face the substrate in an Ar gas atmosphere as shown in Fig. 2. 
To deposit C and BN layers with the same thickness, the time of setting the substrate 
opposite to the graphite target was nearly twice that of the h-BN target. 
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Fig. 2. Multilayer film deposition method of nanoperiod multilayer film using semicircular 
targets (a) and Model of 4-nm-period multilayer film 

A (C/BN)n film was deposited by rotating a substrate . The BN layer was deposited first, and 
then the carbon layer was deposited. The topmost of the (C/BN)n film was deposited to be a 
carbon layer. In this study, 2-, 4-, 6-, 8- and 10-nm-period multilayer films were deposited by 
controlling deposition time. To compare the multilayer (C/BN)n film with other films like as 
the 4-nm-period (CN/BN)n film, C (carbon) single-layer film, BN single-layer film and 4-nm- 
period multilayer (CN/BN)n were prepared. The thickness of the C and BN single-layer films, 
(CN/BN)n and (C/BN)n multilayer films was proposed to be nearly 200 ran. Before the 
deposition of a film, a substrate was pretreated by Ar sputtering in order to clean its surface. 



2.2 Tribology evaluation methods 

The micro Vickers hardness tester and nanoindentation experiment system with AFM 
(atomic force microscope) were employed to determine the hardness of the (C/BN)n 
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multilayer, BN and C films. Micro-Vickers hardness was measured at a load of 0.05 N and 
the load duration of 10 s. Nanoindentation test were performed at a maximum load of 100 
uN. The hardness was geometrically calculated from the Ar section area of plastic 
deformation using the plastic deformation depth and P max maximum load. Plastic 
deformation depth was determined from the point of intersection of the straight line fitted 
to the appropriate unloading curve and the x axis to the point of the maximum deformation 
depth on x axis. The hardness H is evaluated from Eq. (1) 

H = Pmax/ Ar (1) 

The nanoindentation hardness and surface deformation properties of the films were 
investigated using AFM (Digital instruments Nanoscope III) together with a 
nanoindentation measurement system (Hysitron Inc.). The nanoindentation hardness was 
measured by AFM with a Bercovich-type diamond indenter (a three-sided pyramid 
diamond tip) with a radius of about 100 nm, under 20-25 °C temperature and 30-50 % 
humidity conditions. The diamond tip is regularly checked using a quartz standard item. 
These films were as thin as 200 nm, therefore, the nanoindentation hardness value evaluated 
under higher load was influenced by the substrate hardness. As a result, the hardness value 
of these films evaluated by this method under higher load is lower than that of real film. The 
test was performed with a loading time of 20 s at 60-100 |iN load. Here, the hardness is 
evaluated from the plastic deformation depth. The plastic deformation depth was evaluated 
from the intersection point of the y-axis and the straight line fitting from the appropriate 
unloading curve (Doerner & Nix, 1986). In this study, the Vickers and nanoindentation 
hardness values of the silicon substrate were 1500 and 13 GPa, respectively. 
To evaluate the deformation behavior using the nanoindentation test, energy analysis of the 
nanoindentaion curve was performed. Total deformation energy was calculated using the 
integral of the loading curve as shown in Fig. 3. The storage energy was calculated using the 
integral of the unloading curve. The dissipated energy was evaluated from the remainder of 
the total energy minus the storage energy. The modulus of dissipation was calculated by 
dividing the dissipated energy by the total energy (Donohue et al., 1995; Miyake et al., 2004; 
Miyake, 2005). 

The hardness was evaluated from the plastic deformation depth which was determined 
from the point of intersection of the straight line fitted to the appropriate unloading curve 
and the x axis (Doerner & Nix, 1986; Syed Asif et al, 1999; Miyake & Kim, 2003). The total 
deformation energy of nanoindentation was calculated as the integral of the loading curve. 
Storage energy was calculated as the integral of the unloading curve. As shown in Fig. 3, 
dissipated energy was evaluated as the total energy minus storage energy. 
To clarify the tribological characteristic of an extremely thin film, an AFM with a diamond 
tip with a radius of about 50 nm was employed to observe the surface profile and microwear 
properties. A schematic representation of the evaluation is shown in Fig. 4. The oscillation 
scratch tests were performed with gradually increasing loads using the diamond tip 
indenter under setting conditions of a 6.7 uN/s loading speed, a 200 uN maximum load. In 
addition, the oscillation scratch test was carried out to evaluate the fracture characteristics 
and adhesion strength of the film by measuring an acoustic emission (AE) signal which can 
indicate a critical load in the test. 

Wear-resistance of the films was determined with a ball-on-disk tribometer opening under 
RT ~400 °C. As shown in Fig. 5, a disk specimen deposited a multilayer film was tested. 
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The opposing stainless-steel ball (radius of 3.2 mm) was slid against the specimen being set 
rotating. Friction force was measured by the strain gauge attached to the plane spring 
mounted the tribometer. Data on the friction coefficient were obtained without lubricant 
and a normal load of 9.8 N, a sliding speed of 94 mm/s and a room temperature of 25, 200 
and 400 °C, and a relative humidity of approximately 40-60 %. After the friction test, the 
wear tracts of the sample were observed by AFM and using an optical microscope and 
three-dimensional profile meter. The friction test was performed more than three times, and 
the mean and typical data were discussed. The variation of saturated friction value is less 
than 15%. 
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Fig. 4. Schematic representation of a load gradual increase nanoscratching test 
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Fig. 5. High- temperature tribometer 

3. Results and discussion 

3.1 Composition and structure of deposited films 

The total thicknesses of all the films tested were set at nearly 200 nm. A crystalline structure 
cannot be detected by X-ray diffraction analysis, FTIR and TEM. These single-layer and 
multilayer films are found to be amorphous from these microanalyses (Miyake, 2005). From 
the Raman spectrum, the differences between these carbon-containing films were not clearly 
evaluated (Miyake, 2005). 

In a previous paper, a transmission-electron microscopy (TEM) image of a nano-meter- 
period multilayered film composed of alternate C-N and B-N layers was obtained and the 
structure of the period-layered CN/BN was clarified. The thicknesses of both the C-N and 
B-C-N layers were controlled so as to be nearly identical. The period of this TEM image of 
the multilayer film is 8 nm, therefore the thickness of each C-N and B-N layer is about 4 nm. 
Even though the layers are very thin, each layer can be distinguished (Miyake, 2003). 
Moreover, atomic concentrations of boron, carbon and nitrogen elements classified as super- 
hard film materials were detected according to Auger electron spectroscopy (AES) 
measurement of the depth profile of the multilayered films (Miyake et al., 2000). The C/BN 
multilayers discussed in this study were deposited by the same deposition method as that 
mentioned above. By controlling deposition time and using different targets, the (C/BN)n 
films were deposited as expected. 



3.2 Micro Vickers hardness and nanoindentation hardness 

The results of micro Vickers hardness of these thin films are shown in Fig. 6. The precise 
measurement could not be carried out for the BN simple layer film because there was some 
frictional peeling on the substrate after the test. Exactly as a expected effect of solid lubricant 
films, the micro Vickers hardness of (C/BN)n multilayer films synthesized in our study is 
changed with changing the multilayer period of the films. The hardness of the 4 nm 
(C/BN)n multilayer film shows the highest in all (C/BN)n films. 

The nanoindentaion curves show a relationship between indenter penetration depth and 
load of these films obtained at 100 urn as shown in Fig. 7. Therefore, the nanoindentaion 
hardness can be evaluated from the nanoindentaion curves and the results are shown in Fig. 
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8. In the case of the BN film, as the indentation depth cased by an indenter was drastically 
fluctuated in the nanoindentation test, the result of the BN film in this test can not be 
reproducible. According to the indentation curves of the films, the maximum indentation 
depths of C simple film, 2- and 8-nm-period (C/BN) n films are quite similar and close to 15 
nm, and it can be confirmed that the plastic deformation depth is nearly 3 nm. Upon the 
curves, it is observed that the deformation depth of the 4-nm-period (C/BN) n film shows a 
tendency to decrease significantly. The curve of indentation depth of the 4-nm-period 
(C/BN)n film is near that of the 4-nm-period (CN/BN) n film and shows the same tendency 
to decrease on its indentation depth. It is to say that elastic deformation mainly occurred on 
the surface of these multilayer films in the indentation test and the films exhibit excellent 
hardness. In particularly, the indentation hardness of the 4-nm-period (C/BN) n film is 
highest in all (C/ BN) n films. 
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Fig. 6. Vickers hardness of super lattice films 

When measuring the films in the micro Vickers test, the hardness could not be really 
measured by an indenter because the indenter would destroy those films and pierce through 
them, then reached the substrate of Si wafer. Hence, it was considered that the hardness of 
the film can not be exactly measured due to the influence of the substrate. In contrast, the 
hardness measurement will be hardly affected by the substrate employed as the 
groundwork in the nanoindentation test, because the indentation depth of the indenter is 
only about 3 to 17 nm. Therefore, the hardness of these films could be really investigated 
and measured by the nanoindentation test. Upon the indentation test, it is obvious that the 
(C/BN) n multilayer film with a layer period of nearly 4 nm show the highest hardness. 
Furthermore, the indentation hardness of C and BN monolayer and (C/BN)n multilayer 
films was evaluated and compared at maximum applied loads of 60, 80, and 100 uN. 
Compared with the elastic-plastic properties of the (C/BN)n multilayer films, the maximum 
indentation depth (h max ) of the 4-nm-period multilayer film is less than that of the other 
films. The estimated average indentation hardness values in this study are summarized in 
Fig. 9. The hardness of all multilayer films is higher than that of the C and BN single layer 
films. It is observed that the nanoindentation hardness of the multilayer film changes with a 
change in a layer period. The multilayer film with the 4-nm-period film shows the highest 
hardness among all multilayer films in the study, indicating that the tribological properties 
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of the multilayers, such as low friction coefficient and high wear-resistance, i.e. long wear 
life, were improved compared with those of the single layer (Miyake, 2005). Corresponding 
to this, the 4-nm-period film shows the highest hardness. 
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Fig. 7. Nanoindentation curves of 4-nm-period (CN/BN)n, 2-, 4- and 8-nm-period (C/BN)n 
super lattice films 
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Fig. 8. Nanoindentation hardness of C film and (CN/BN)n and (C/BN)n super lattice films 

The relationship between the modulus of dissipation, nanoindentation hardness (H) and the 
material factor of index of plasticity (E/H) for the monolayer and multilayer films is shown 
in Fig. 10. E/H is a quantity value which is used to express the plastic deformation of 
material in the plastic index of material constant (Taniguchi, 1996). The modulus of 
dissipation and the E/H decrease with an increase in nanoindentation hardness. The 
dissipated and storage energies of these films were evaluated. Compared with the single 
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layer films, the total energy of the nanoperiod multilayer films decreased, and in particular, 
the dissipated energy of the multilayer films significantly decreased. Figure 10 shows the 
modulus of dissipation, which is calculated from the ratio of dissipated energy to total 
energy of the indentation. It is evident that the modulus of dissipation of the multilayer 
films was reduced to less than 50 % due to the nanoperiod multilayer structure. 
As shown in Fig. 10, the modulus of dissipation decreases with increasing hardness. It is 
considered that the deformation of multilayer films is mainly elastic deformation, along 
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Fig. 9. Nanoindentaion hardness as a function of layer-periods for single layer and 
multilayer films (error bars: 3 a) 
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Fig. 10. Modulus of dissipation and the material factor of index of plasticity (E/H) as a 
function of nanoindentation hardness for single layer and multilayer films 
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with a low dissipation energy. The material factor of index of plasticity (E/H) was evaluated 
as Young's modulus E divided by hardness H (Miyake et al., 2004). The nanoindentation 
hardness is defined as the resistance to plastic deformation per unit area. On the other hand, 
the modulus of dissipation and E/H corresponds to the ease of plastic deformation. By 
indentation testing, the hardest 4-nm-period multilayer film shows the lowest modulus of 
dissipation and E/H, i.e. it has less dissipated permanent deformation due to indentation. 
This is considered that the nucleation and propagation of the lateral cracks beneath the 
indentation were limited due to the nanostructure of the multilayer (Bhushan, 1995). 
Therefore, the relationship among nanoindentation hardness, the modulus of dissipation 
and E/H was expressed approximately as a simple empirical formula for investigation and 
analysis of the nanoscale mechanical properties of film. 

3.3 Tribological properties 

The measured results of the frictional force and friction coefficient in the nano scratch test 
are shown in Fig.ll. Upon the results, the frictional force of the BN film varies drastically 
and shows the highest value at the loads of to 20 uN. It can be considered that the 
hardness of the BN film is lower than those of other films, therefore, the destruction on its 
surface easily occurred even from the beginning of the test and the frictional force of its 
surface shows to increase sharply. On the other hand, upon investigating the friction 
dependence of the (C/BN)n multilayer films on the period, it could be confirmed that the 
effect of the reduction in the frictional force of the (C/BN)n multilayer film with the period 
of 4 nm is significantly remarkable, and its hardness similarly exhibits a maximum value. 
With respect to the friction coefficients of these films, the initial values of the friction 
coefficients display drastically fluctuated, but they become steady with a load being over 40 
uN. Upon the results, the friction coefficient of BN simple layer film is as high as u = 0.45 
from 40 uN load and those of 2- and 8-nm-period (C/BN)n films are u = 0.28 and u = 0.24, 
respectively. The friction coefficients of the carbon film and 4-nm period (C/BN)n film are 
as low as u = 0.22 and u = 0.17, respectively. It could be found that the friction coefficients of 
films would show a tendency to decrease with the hardness increasing. As the hardness of 
the 4-nm-period (C/BN)n film is increased at the lamination direction and the shear 
strength of its scratch plane is nearly similar to that of the simple layer film which has the 
characteristic value, it can be consider that the friction coefficient u of the (C/BN)n film is 
able to decrease due to its hardness increase according to the Eq. (2) when its shear strength 
is almost the same as that of the simple layer film. The equation shows as follows, 

H = S/H (2) 

Here, S is a shear resistance and constant and H is hardness. 

Figure 12 shows the section profiles of the scratch scars of all deposited films after the 

nanoscratch test. The maximum wear depths of the films are shown in Fig. 13. The wear scar 

of the 4-nm-period (C/BN)n film is the smallest. In the nanoscratch test, the destruction of 

the simple layer film continuously becomes degraded with gradually increasing the test 

load, whereas that of the superlattice film can be significantly deterred due to the restraint 

effect of boundary plane of the multilayer film. 

Moreover, it is obvious that the maximum wear depth of the film also depends on the layer 

period and the wear depth of the 4-nm-period (C/BN)n film is reduced to a minimum. 

These results are corresponding to those of the nanoindentation hardness. Therefore, it is 
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confirmed that the wear depth of the 4-nm-period (C/BN)n film decreases because its elastic 
modulus increases at the lamination direction. 

The results of oscillating scratch test are shown in Fig. 14. The AE (acoustic emission) 
numbers could be obtained in this scratch test and the inclination of the scratch force curve 
is corresponding to the friction coefficient. As observing the curves, the inclination of the 4- 
nm-period (C/BN)n film shows comparatively low, that is to say, the 4-nm-period (C/BN)n 
film has a low friction coefficient and this result is corresponding to that in the nanoscratch 
test and its AE also shows very small. When the load was rapidly increased, the AE of the 4- 
nm-period (C/BN)n film would increase drastically and a critical load was obtained and 
rather high because its surface layer destruction occurred difficultly. It became clear that the 
critical load of the 4-nm-period (C/BN)n film is significantly improved more than those of 
the simple films and other multilayer period films, and the 4-nm-period (C/BN)n film 
shows the high critical load and superior adhesion property. 
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Fig. 11. Friction force (a) and coefficient of friction (b) of C, BN and (C/BN)n films in a load 
gradual increase nanoscratching test (diamond tip , load 0^200un , frictional rate 6.67un/s) 
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Fig. 12. Wear marks on (a) C film, (b) BN film, (c) 2-nm-period (C/BN)n, (d) 4-nm-period 
(C/BN)n and (e) 8-nm-period (C/BN)n film, obtained by a load gradual increase 
nanoscratching test 



14 



12 



£ 10 

a 

-3 8 

b 

$ 6 





(C/BN)n 




1 






x| 


+ 



Cfilm BNfilm 2nm 4nm 8nm 

Layered period 



Fig. 13. Maximum wear depth by a load gradual increase nanoscratching test 
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Fig. 14. AE (Acoustic emission) and friction force as functions of indentation load for (a) C 
film, (b) BN film, (c) 2-nm-period (C/BN)n, (d) 4-nm-period (C/BN)n and (e) 8-nm-period 
(C/BN)n film, obtained by scratching test 

The dependence of the friction coefficient of C and BN monolayer and (C/BN)n multilayer 
films on sliding cycle was investigated under a load of 9.8 N, a sliding speed of 94 mm/s 
and a room temperature of 25 °C, as shown in Fig. 15. The friction coefficient of the C film is 
|li = 0.3 high at sliding cycles from to 1000 and sharply increased to u = 0.6 at sliding cycles 
of 1000 and above. Corresponding to this, the friction coefficients of the 4- and 8-nm-period 
(C/BN)n films remain comparatively low at nearly u = 0.15. Wear is hardly observed on the 
surface of 4- and 8-nm-period (C/BN)n films. As the surface of these films was magnified to 
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observe, damage mark could be found on the 8-nm-period (C/BN)n film but not on the 4- 
nm-period (C/BN)n film, suggesting that the 4-nm-period (C/BN)n film has the lowest 
friction coefficient and superior wear resistance. 
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Fig. 15. Dependence of friction coefficient on the number of sliding cycles tested at 25 °C 

The dependence of the friction coefficient of the nanoperiod (C/BN)n film on sliding cycles 
was evaluated at an environment temperature of 200°C, as shown in Fig. 16. The friction 
coefficients of the C and BN single-layer films are high and markedly increase with sliding 
cycles. However, the nanoperiod multilayer films show a low friction coefficient. In 
particular, the friction coefficient of the 4-nm-period multilayer film is low and stable, and it 
is less than 0.35 after 1800 sliding cycles. 

In the tribotest performed at 400 °C temperature, it is found that at sliding cycles of less 
than 600, the friction coefficient of the 4-nm-period multilayer (C/BN)n is lower than that of 
the C, BN and other (C/BN)n multilayer films as shown in Fig. 17. Observed the surface of 
the films, it is found that for the C, BN and 2-nm-period films, the film was immediately 
removed by friction at the beginning of the test and the substrate was exposed, whereas the 
4- and 8-nm-period multilayer films show a low friction coefficient. This result shows that 
the lubrication property of the multilayer films was improved due to its microstructure 
formed with an appropriate layer-period. The reason why the 4-nm-period multilayer film 
shows a longer life is considered to be as follows. For the single-layer films, the surface of 
the C or BN films was lubricated by the single layer during friction test. Since the C and BN 
single-layer films have a poor elastic deformation, i.e. a high modulus of dissipation, it was 
easily removed by friction test. Corresponding to this, since the multilayer film exhibits a 
low modulus of dissipation and defect elongation is prevented by the interface formed 
between layers (Miyake, 2003; Doerner & Nix, 1986), deep plastic deformation difficultly 
initiate, resulting in the wear-resistance of the film being improved. The shearing damage 
due to friction is suppressed due to the extremely thin layer. As a result, a longer life of the 
surface was obtained due to the multilayer microstructure. 
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Fig. 16. Dependence of friction coefficient on the number of sliding cycles tested at 200 °C 








500 1000 

Number of cycles 



1500 



Fig. 17. Dependence of friction coefficient on the number of sliding cycles tested at 400 °C 

Figure 18 shows the wear profiles of C and BN single layers and 2-, 4- and 8-nm-period 
multilayers after the ball-on-disk tribotest, respectively after 1000 cycles of sliding at 25 °C. 
In the case of the C and BN single layers, the deep wear grooves exposed the substrate 
surface during sliding, producing a rough wear scar and leading to a rapid increase in the 
friction. Corresponding to this, the wear of the 2-, 4- and 8-nm-period (C/BN)n multilayers 
is very small, and therefore, after 1500 cycles of sliding, the multilayer ed films remained on 
the sliding surface and still acted as a solid lubricant to prevent wear propagation. It is 
considered that since the multilayer film has a low modulus of dissipation, and defect 
elongation was prevented by the interface between layers, such as those formed in carbon 
nitride and boron nitride nanomulitlayer films (Miyake, 2003), and therefore, deep plastic 
deformation is difficult to occur. The 4-nm-period film shows a better wear-resistance, this 
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corresponds to that it has higher hardness and lower friction coefficient compared with 
other films in this study. 



Friction direction 









(a) Friction direction 



(b) C film ION 



(c)BN film ION 




(d) (C/BN)n 2nm ION (e) (C/BN)n 4nm ION (f) (C/BN)n 8nm ION 

Fig. 18. Microwear morphology of C and B single layers and (C/BN)n multilayers coated on 
Si substrates after 1000 cycles of sliding. 



4. Conclusion 

Nanoperiod multilayer films composed of carbon and boron nitride layers, which have a 
structure expected to provide solid lubrication, such as the h-BN and graphite structures, 
were respectively deposited, and their nanoindentation and frictional properties were 
evaluated. The following results were obtained. 

1. Micro Vickers and nanoindentaion hardness of the 4-nm-period multilayer film are the 
highest of all (C/BN)n films. The nanoindentation hardness of the nanoperiod (C/BN)n 
multilayer films changed with the layer period. A 4-nm-period multilayer film shows 
the highest hardness among all films in this study. It is considered that since the 4-nm- 
period multilayer has the lowest modulus of dissipation and E/H, which corresponds 
to the ease of plastic deformation, the 4-nm-period multilayer film has mainly elastic 
deformation due to indentation. 

2. In nanoscratch test, the friction coefficient of 4-nm-period (C/BN)n film is the lowest. 
As the elastic modulus increases in the laminated direction and the change of the shear 
resistance of sliding plane is small in the case of 4nm-period (C/BN)n film, therefore, its 
friction coefficient seems to decrease. 

3. The improvement effects of 4-nm-period (C/BN)n multilayer film on the decrease of the 
friction coefficient and damage of the wear surface were significantly remarkable and 
evaluated in both of the reciprocation and ball on disk type tribo tests. 
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4. The friction coefficient of the 4-nm-period (C/BN)n film was the lowest, as determined 
by the ball-on-disk tribotest at environment temperatures of 25, 200 and 400 °C. The 
effect of the 4-nm-period (C/BN)n multilayer film on improvement of friction 
coefficient and wear-resistance was experimentally confirmed. 
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1. Introduction 

Ferrofluids are very peculiar materials. Indeed, a stable colloidal suspension of magnetic 
particles in a liquid carrier is something special. These magnetic particles, of about 10 
nanometers in diameter, are coated with a stabilizing dispersing agent that prevents their 
agglomeration. The liquid can be either water or synthetic hydrocarbon or mineral oil. 
But this material class, discovered in the 1960s, proves specific various chemical and 
physical properties, whose increasing knowledge leads to ever more numerous technological 
applications. 

Indeed, they are efficiently used in various engineering areas such as heat transfers, motion 
control systems, damping systems (1), sensors (2)(3). Their use to design fluid linear pumps 
for medical applications seems also very promising (4) (5). However, they are more commonly 
used as squeeze films in seals and bearings for rotating devices. Tarapov carried out some 
pioneering work regarding the ferrofluid lubrication in the case of a plain journal submitted 
to a non-uniform magnetic field (6) but more recent works show and discuss the recent trends 
in such a use (7)-(13). Moreover, ferrofluid dynamic bearings have been regularly studied and 
their static and dynamic characteristics have been described theoretically (14)-(21). 
The various properties of ferrofluids enable them to fulfill such functions as heat transfer, 
ensuring airtightness, working as a radial bearing. Therefore they are used in electrodynamic 
loudspeakers. Moreover, a ferrofluid seal can replace the loudspeaker suspension and leads to 
a better linearity of the emissive face movement (22)-(26). This chapter intends to explain how 
ferrofluid seals are formed in magnetic structures by presenting a simple analytical model 
to describe their static behavior (27) (28). The originality lies in the fact that the considered 
structures are made of permanent magnet only, without any iron on the static part. The 
moving part is a non magnetic cylinder. The seal shape and performances are described with 
regard to the magnetic structure. The evaluation of the seal static capacity is given. Moreover, 
the seal shape changes when the seal is radially crushed by the inner cylinder: these changes 
are described and calculated and the radial force exerted by the ferrofluid on the moving part 
is determined as well as the stiffnesses associated. 

Then, various magnetic structures are presented and studied to illustrate the magnet role and 
deduct some design rules for ferrofluid seals with given mechanical characteristics. 
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2. Structure and method description 

This section presents the basic ironless structure used to create a magnetic field which has the 

double function of trapping and fixing the ferrofluid to form a seal. 

The device is cylindrical and constituted of a static outer part made of stacked ring permanent 

magnets separated from the inner non magnetic moving part by an airgap. The number of ring 

magnets is an issue and will be discussed later on. The simplest structure has a single ring, but 

the performances are better for two or three rings, and even more, depending on the intended 

values. The magnet polarization direction is also an issue and can be either axial or radial. 

The trick may be to associate correctly two kinds of polarization. 

The ferrofluid is located in the airgap and forms a seal between the moving and the static 

parts. 



!" 



Fig. 1. Geometry : two outer ring permanent magnets and an inner non-magnetic cylinder 
with a ferrofluid seal between them; the ring inner radius is r\ ni the ring outer radius is r ou t, 
the height of a ring permanent magnet is h. 

The ring inner radius is r\ n , the ring outer radius is r ou t and the ring permanent magnet height 
is h. The z axis is a symmetry axis. 

The first step of the modelling is to calculate the magnetic field created by the permanent 
magnets. Exact formulations for the three components of the magnetic field created by axially 
or radially polarized permanent magnets have been given in the past few years. They are 
based either on the coulombian model of the magnets or their amperian one. Both models are 
equivalent for the magnet description but aren't for calculating: one may be more adapted 
to lead to compact formulations in some configurations where the other will be successful in 
others. The calculations of this chapter were carried out with formulations obtained with the 
coulombian model of the permanent magnets. 

The location and the shape of the ferrofluid seal will be deducted from the magnetic field value 
by energetic considerations. Nevertheless, the conditions of use of the ferrofluid have to be 
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given here, as they differ from the ones encountered in their usual applications. Indeed, the 
magnetic field created by the magnets, which are considered to be rare earth ones (and rather 
Neodymium Iron Boron ones), is higher than 400 kA/m and the ferrofluid is consequently 
saturated, as the highest saturation field of the available ferrofluids are between 30 and 40 
kA/m. This means that the field created by the ferrofluid itself won't really modifiy the 
total field and therefore it can be neglected. This is a great difference with most of the 
usual applications of the ferrofluids. Moreover, as the ferrofluid is completely saturated, its 
magnetic permeability is equal to one. Its magnetization is denoted M s . 
Furthermore, all the particles of the saturated ferrofluid are aligned with the permanent 
magnet field. So, the ferrofluid polarization has the same direction as the magnet orienting 
field. In addition, the sedimentation in chains of the ferrofluid particles is omitted (29). 
Some other assumptions are made: the thermal energy, Ej, (Ej = kT where k is Boltzmann's 
constant and T is the absolute temperature in degrees Kelvin) and the gravitational energy, 
Eg/ (Eg = ApVgL where V is the volume for a spherical particle, L is the elevation in the 
gravitational field, g is the standard gravity, Ap is the difference between the ferrofluid density 
and the outer fluid) are neglected. In addition, the surface tension exists but its effects can 
be omitted as the considering of both values of the surface tension coefficient, A, (A equals 
0.0256kg /s 2 for the considered ferrofluids) and the radius of curvature leads to the conclusion 
that it won't deform the free boundary surface. 

One of the aims of this chapter is to describe how the ferrofluid seals are formed and which is 
their shape. It has to be noted that the ferrofluid location depends on the value of the magnetic 
field in the airgap. Furthermore, the seal shape is the shape of the free boundary surface of the 
ferrofluid, which is a result of the competing forces or pressures on it. And the predominant 
pressure is the magnetic one. Therefore, the calculation of the magnetic field will be explained 
first and then the concept of magnetic pressure will be detailed. 

3. Magnetic field calculation 

3.1 Basic equations 

The magnetic field created by the ring permanent magnets can be determined with a fully 
analytical approach. Let us consider the four fundamental Maxwell's equations: 

V.B = (1) 

V A H = J (2) 

V.D = p (3) 

V A J=-f ^ ,4) 

where B is the magnetic induction field, H is the magnetic field, j is the volume current 
density, D is the electric flux density, E is the electrostatic field and p is the electrical charge. 
The currents are nil in the considered structures as the magnetic field is created only by the 
permanent magnets. The vector fields B and H are defined for all points in space with the 
following relation: 

B = ji H + J (5) 

where jiq is the vacuum magnetic permeability and J is the magnet polarization. When the 
magnetic field is evaluated outside the magnet, J = 0. The analogy with the Mawxell's 
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equations leads to write that: 

V.H=-^=^ (6) 

n n 

where c* corresponds to a fictitious magnetic pole density. On the other hand, the magnetic 
field H verifies: 

V A H = (7) 

Thus, H can be deducted from a scalar potential (p(r) by 

H = -V(<Kr)) (8) 

For a structure with several ring permanent magnets, (6) and (7), lead to: 

where /^ is the magnetic polarization of the k ring permanent magnet and \f — r'\ is the 

distance between the observation point and a magnetic charge contribution. Then the 
magnetic field created by the ring permanent magnets is determined as follows: 

^•(^(?// s ,^+£///^)) ao» 

3.2 Magnetic field created by ring permanent magnets 

The coulombian model of the magnets is used to determine the magnetic field created by the 
ring magnets (30)-(33). Moreover, the devices dimensions are supposed to be chosen so that 
the volume pole density related to the magnetization divergence can be neglected: the rings 
are assumed radially thin enough. Indeed, its influence has been discussed by the authors in 
some complementary papers. 

Consequently, each permanent magnet is represented by two charged surfaces. In the case of a 
radially polarized permanent magnet the magnetic poles are located on both curved surfaces 
of the ring and the magnetic pole surface density is denoted c* (Fig. 2). In the case of an 
axially polarized permanent magnet, the magnetic pole surface density c* is located on the 
upper and lower faces of the ring (Fig. 3). 

The three magnetic field components have been completely evaluated in some previous 
papers. As the structure is axisymmetrical, only two components of the magnetic field created 
by the magnets have to be evaluated: the axial one and the radial one, and they only depend 
on both dimensions z and r. 

The radial component H r (r,z) of the magnetic field created by the permanent magnet is given 
by (11). 

H T (r,z) = -£-i(l + u) (g( Ul ) - g(u 2 )) (11) 

where the parameter i is the imaginary number (i 2 = —1), with 



Ferrofluid Seals 



93 



SW 



fi(-(M + &i(c + ^i)))F* [fabtih-^ 



d\J— c-\- d — ~e[e\ 



d(l+u) 
c+ei+du 



■y/c+ei+du*' c-d+ei\ 



+ 



+ 



g l( ^-M)n* [^^- / isinh- 1 [^^] / ^±gi] 
f2 (-( M + M c + e 2 )))F*[fsinh-M^S],£±|±| 



+ 



dV -c + d-e 2 e^^ u V—i 



rj 3 ((a 3 d - b 3 e 3 )) F* [z'sinh : 



— 1 [ \/- rf— g3 1 —d—ei 
Ve 3 +du *' d+e 3 






(12) 




u/v 



Fig. 2. Radially polarized tile permanent magnet: the inner curved face is charged with the 
magnetic pole surface density +u* and the outer curved face is charged with the magnetic 
pole surface density — a*, the inner radius is r;„, the outer one is r ou t 
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Fig. 3. Axially polarized tile permanent magnet: the upper face is charged with the magnetic 
pole surface density +c* and the lower face is charged with the magnetic pole surface 
density — c*, the inner radius is r zn , the outer one is r out 

The axial component of the magnetic field created by the ring permanent magnet is given by 
(13). 
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where X* [m] is written in terms of the incomplete elliptic integral of the first kind by (16) 

K*[m} = F*[^,m] 

F* [<p, m] is written in terms of the elliptic integral of the first kind by (17): 
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Table 1. Definition of the parameters used in (12) 

n* [n, (p, m] is written in terms of the incomplete elliptic integral of the third kind by (18) 
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(18) 



The parameters used in (12) are defined in Table 1. As a remark, an imaginary part, which 
has no physical meaning, may appear because of the calculus noise of the calulation program 
(Mathematica). Therefore, the real part only of H r (r, z) must be considered. 

4. The magnetic pressure 

The magnetic pressure determines the shape of the free boundary surface of the ferrofluid. 
Moreover, the assumptions for the calculations have been described in the method description 
section (2). 
Then, the magnetic pressure is defined as follows: 



p m (r,z) = ft M s .H(r,z) = w M s a/ H r (r,z) 2 + H z (r,z) 2 



(19) 



where the evaluation of both magnetic field components H r (r,z) and H z (r,z) have been given 
in the previous section and where M s is the magnetization of a magnetic particle of the 
ferrofluid. Thus, the magnetic pressure is the interaction of the magnetic field created by the 
permanent magnets and the particle magnetization. Eventually, for hydrodynamic pressures 
which equal zero or have low values, the seal free boundary surface is a magnetic iso-pressure 
surface. 

Fig. 4 shows a three-dimensional representation of the magnetic pressure created by two in 
opposed directions radially polarized ring permanent magnets. This magnetic pressure can 
also be seen as a magnetic energy volume density, and can be given either in N/m 2 or in J/m 3 . 

The magnetic pressure p m (r, z) has been evaluated with (19). Figure 4 shows that the magnetic 
pressure is higher next to the ring magnets, especially where both the magnetic field and its 
gradient are the strongest. 
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z[m 



Fig. 4. Three-dimensional representation of the magnetic pressure in front of two in opposed 
directions radially polarized ring permanent magnets. 

This representation also shows that the potential energy is concentrated in a very small 
ferrofluid volume. As a consequence, it gives information on what quantity of ferrofluid 
should be used to create a ferrofluid seal. When a large quantity of ferrofluid is used, then 
the ferrofluid seal is thick and the potential energy increases. But the viscous effects become 
an actual drawback with regard to the dynamic of the inner moving cylinder. When too small 
an amount of ferrofluid is used, then the viscous effects disappear but the main properties of 
the ferrofluid seal (damping, stability, linearity,...) disappear as well. So, an adequate quantity 
of ferrofluid corresponds to a given geometry (here two ring permanent magnets with an 
inner non-magnetic cylinder) in order to obtain interesting physical properties with very little 
viscous effects. 
The concept of potential energy thus appears, which is defined by (24): 



J J J(n) ' 



p m (r,z)dV 



(20) 



where (Q) is the ferrofluid seal volume. Indeed, this potential energy, given in /, allows the 
calculation of the seal mechanical properties and will be used throughout the remainder of 
this chapter. 

5. Shape of the ferrofluid seal 

As the shape of the seal depends on the magnetic pressure in the structure it naturally depends 
on the magnetic structure which creates the magnetic field. This section intends to describe 
some structures and discuss the corresponding seals. 



5.1 Basic structure 

Figure 5 shows the structure constituting the base of all the devices presented. It consists 
of three outer stacked rings, of an inner non-magnetic piston and of ferrofluid seals. The 
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piston is radially centered with the rings. The rings' inner radius, r zn , equals 25 mm and 
their outer radius, r ou t, equals 28 mm. The rings can be either made with permanent magnet 
-as here the middle ring- or with non-magnetic material -like the upper and lower rings-. 
The ferrofluid seals are located in the air gap between the piston and the rings. The whole 
section will discuss the seal number, their position and the polarization direction of the 
ring magnets. Furthermore, the radial component of the magnetic field created by the ring 
permanent magnets is also presented for each studied configuration in order to illustrate the 
link with the seal shape. 




Fig. 5. Basic structure: three outer rings (permanent magnet or non-magnetic) radially 
centered forming an air gap with an inner non-magnetic piston. Ferrofluid seals located in 
the air gap. r zn = 25mm, r ou t = 28mm. 



5.2 Single magnet structures 

The first structure considered corresponds exactly to the configuration shown in Fig.5, which 
is the simplest one which can be used. All the rings have the same square cross-section with a 
3 mm side. The middle ring is a radially polarized permanent magnet and the upper and 
lower rings are non-magnetic. The magnetic field created by the magnet in the air gap is 
calculated along the Z axis at a 0.1 mm distance from the rings and its radial component H r 
is plotted versus Z (Fig. 7). As a remark, H r is rather uniform in front of the magnet and two 
gradients are oberved in front of the magnet edges. Besides, the magnetic pressure in the 
air gap is calculated and plotted on Fig.6 as well: the iso-pressure lines determine the seal 
contour, its size depends on the ferrofluid quantity. Indeed, the ferrofluid goes in the regions 
of high energy first (dark red ones). For an increasing volume of ferrofluid, the latter fills the 
regions of decreasing energy (from the red contours to the blue ones). So, for seals thicker than 
0.5 mm, the seal expands along the whole magnet height. A smaller volume of ferrofluid 
would lead to the creation of two separate seals which would be quite thin and thus, to poor 
mechanical properties. This results from the shape of the magnet section: if it were rectangular 
along Z instead of square, two separate seals would appear too. The point is that the ferrofluid 
seeks the regions of both intense field gradient and high magnetic energy. 
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Fig. 6. Top right: upper and lower non-magnetic rings, middle ring permanent magnet 
radially polarized. Top left: magnetic pressure in front of the rings. Bottom: H r along the Z 
axis at a 0.1 mm distance from the rings. 

If the polarization direction of the ring magnet becomes axial, Fig. 7 shows that the magnetic 
pressure is at first sight rather similar to the previous one. Nevertheless, the seal shape differs, 
especially for large ferrofluid volumes. Moreover, the radial component of the magnetic field 
is no longer uniform in front of the magnet and presents instead a rather large gradient all 
over the magnet length and the non-magnetic rings. 

5.3 Double magnet structures 

The purpose is to describe how the seal shape and properties evolve when the magnetic 
structure becomes gradually more complicated but also maybe more efficient. 
Then the structures considered are obtained by stacking two ring permanent magnets. The 
rings are identical in dimensions but are opposedly polarized, either radially as in Fig. 9 or 
axially as in Fig. 8. The magnetic field in both cases is evaluated by superposing the single 
magnet fields. 

As a consequence, each radial magnet creates a region of uniform field in front of itself and 
the field directions are opposite. The field intensity in each uniform region is higher than in 
the single magnet structure because the leakage is decreased. Then, three field gradients exist, 
and the one that appears in front of the magnets' interface is twice as high as those at the 
edges. From the gradient point of view, Fig. 9 can be compared with Fig. 6, and the former 
will prove more useful because the gradient is steeper. The axial double structure creates 
progressive field gradients with no peculiar interest. 



Ferrofluid Seals 



99 



0.006 



z [m] 





t 




0.02 0.021 0.022 0.023 0.024 
r[m] 



Hr [kA/m] 




0.002 0.004 0.006 



z [m] 

Fig. 7. Top right: upper and lower non-magnetic rings, middle ring permanent magnet 
axially polarized. Top left: magnetic pressure in front of the rings. Bottom: H r along the Z 
axis at a 0.1 mm distance from the rings. 

Moreover, the repartition of the magnetic energy density in the double magnet structure is 
not the superposition of the ones in the single magnet structures because the expression of 
the energy depends on the square of the field. Although the repartitions for radial and axial 
magnets seem alike at first sight, the radial structure is "more energetic" and its magnetic 
energy decreases slower at an increasing distance from the magnets. Nevertheless, the 
maximum energy density is in front of the magnets' interface and the ferrofluid seal will be 
located there. Eventually, the seal axial length in the single magnet structures is smaller than 
in the double magnet structures. Besides, the seal energy density is approximately doubled 
for the radially polarized magnets. 

The evolution of the magnet shape can be observed when the axial dimension of the ring 
magnet is varied. For instance, Fig 10 shows the magnetic iso-pressure lines when both 
magnet heights are h = 2 mm, h = 2.5 mm , h = 3 mm, h = 3.5 mm, h = 4 mm and 
h = 4.5 mm respectively. 

As expected, the magnetic field in the air gap increases when the magnet height increases. 
Figure 10 clearly shows that the longer the ring permanent magnet heights are, the stronger 
the magnetic field in the air gap is. However, as shown in Fig 10, the ferrofluid seal decreases 
in height when the ring permanent magnet heights increase. This implies that for a structure 
that requires a small ferrofluid seal with the greatest static capacity, the height of the ring 
permanent magnets must be greater than their radial widths. 

5.4 Triple magnet structures 

With the same reasoning as in previous section, the structures presented here are constituted 
of three stacked ring permanent magnets. Thus, the number of possible configurations 
increases. However, it isn't necessary to study all possibilities and the most interesting ones 
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Fig. 8. Top right: Two ring permanent magnets with opposed axial polarization. Top left: 
magnetic pressure in front of the rings. Bottom: H r along the Z axis at a 0.1 mm distance 
from the rings. 

have been selected. Then, two main kinds of structures are brought out: structures with 
alternate polarizations and structures with rotating polarizations. 

5.4.1 Alternate polarizations 

The three rings are radially polarized: two have the same polarization direction, the third has 
the opposite direction and is located between both previous ones. Thus, this structure is the 
extension of the preceding double magnet structure, which can be generalized to even more 
ring magnets. Now, in the case of three ring magnets, the number of seals and their shape is 
closely related to the middle magnet axial height an to the ferrofluid total volume (Fig 11) 
Indeed, the left top plot in Fig 11 shows that for three magnets of same dimensions and a 
small amount of ferrofluid, two seals are formed in front of the ring interfaces. Their axial 
dimension is rather small and they are very energetic. When the middle magnet height is 
decreased both seals get closer and join to form a single seal in front of the middle magnet. 
This seal is less energetic: it is normal as the middle magnet volume is decreased. Meanwhile, 
two secondary small seals appear at the extremities of the structure. 

For a larger ferrofluid volume, a single seal is formed in front of the whole structure whatever 
the middle magnet dimensions and its energy is linked to the total magnet volume. 

5.4.2 Rotating polarizations 

The three ring magnets polarization directions are now alternately axial and radial and a 90 
degrees rotation is observed from one magnet to its neighbor. Such a progressive rotation of 
the magnetic polarization is to put together with Halbach patterns (34). 
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Fig. 9. Top right: Two ring permanent magnets with opposed radial polarization. Top left: 
magnetic pressure in front of the rings. Bottom: H r along the Z axis at a 0.1 mm distance 
from the rings. 

Two kinds of configurations are possible with three ring magnets: either two top and bottom 
axially and one middle radially polarized rings (Fig. 12) or the dual two top and bottom 
radially and one middle axially polarized rings (Fig. 13). 

The energy density color plots show that two ferrofluid seals form in front of the magnets' 
interfaces. Their shape is rather similar in both structures and these seals are magnetically 
quite energetic. So, they will have "good" mechanical properties (such as a great radial 
stiffness for example). However, the magnetic field radial component proves different in 
each structure: it is fairly uniform in front of the middle radially polarized magnet whereas it 
varies with no particularly interesting properties in in front of the axially polarized one. As a 
consequence, the structure of Fig. 12 seams to be more useful for applications as the zone of 
uniform magnetic field can be optimized. 

Indeed, the axial height of the middle magnet can be varied. For instance, the middle magnet 
is twice as high as each other magnet in Fig. 14 and half as small in Fig. 15. As a result, the 
magnetic field radial component is always rather uniform in front of the radially polarized 
magnet. So, the uniformity area increases with the height of the radially polarized magnet, but 
the field intensity decreases when the height of the radially polarized magnet is larger than the 
height of the axially polarized ones. Besides, when the height of the axially polarized magnets 
becomes too small the ferrofluid tends to expand over their whole axial length if the ferrofluid 
volume is sufficient. Thus, the seals can become quite large and they are well-fixed to the 
structure and have high mechanical performances because of their high magnetic energy and 
the steep field gradients. 
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Fig. 10. Magnetic iso-pressure lines for increasing ring magnet heights; h = 2 mm (top left), 
h = 2.5 mm (top right), h = 3 mm (middle left), h = 3.5 mm (middle right), h = 4 mm 
(bottom left), h = 4.5 mm (bottom right). 
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Fig. 11. Three magnet alternate structure. Magnetic iso-pressure lines in the air gap for a 
decreasing height of the middle magnet h — 3 mm, h = 2.5 mm, h = 2 mm, h = 1.5 mm. 

Inversely, when the middle radially polarized magnet height becomes too small, both seals 
gather to form a single high energetic one which expands over the whole height of the middle 
magnet. 

6. Mathematical description of the ferrofluid seal 

Writing the whole mathematical equations describing all the ferrofluid properties doesn't 
lead to easily workable expressions. This exercise is still very complicated even if the only 
equations considered are the ones related to the magnetic pressure. Nevertheless, in the 
double magnet structure with radially polarized ring magnets, the seal shape can be described 
in a very good approximation by an equation of ellipse. 

This allows some further characterization of the seal and especially its behavior when it gets 
crushed and works as a bearing. 

6.1 Shape of the free ferrofluid seal 

This section considers the shape of the seal when its boundary surface is totally free, so in 
absence of the inner moving part or for volumes small enough not to reach the inner part. 
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Fig. 12. Top right: axially polarized upper and lower rings, radially polarized middle ring. 
Top left: magnetic pressure in front of the rings. Bottom: H r along the Z axis at a 0.1 mm 
distance from the rings. 



Ellipse 



bi 



error 



5%E 

10%E 

15%E 



0.00025 
0.00027 
0.00029 



0.000275 
0.000297 
0.000319 



0.025 0.5% 
0.025 0.9% 
0.025 1.4% 



Table 2. Parameters describing the free boundary ferrofluid seal shape. 

For example, the contour of the ferrofluid seal in Fig 16 when its thickness is smaller than 
0.4 mm can be written in terms of the following equation of an ellipse (21). 



(r- 



+ vr x 



(21) 



The parameter values are given in Table (2) when r is between 24.6 mm and 25 mm. Moreover, 

E is the total magnetic energy of the volume of ferrofluid located between 24.6 mm and 25 mm. 

Table (2) shows the proportion of energy located in the seal of considered dimensions. The 

error between the equations of ellipse and the real contour shape of the ferrofluid seal is also 

given. 

When the ferrofluid volume increases and the seal goes further than r = 24.6 mm towards the 

axis, its shape changes and is no longer a portion of an ellipse. This gives the limits of our 
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Fig. 13. Top right: radially polarized upper and lower rings, axially polarized middle ring. 
Top left: magnetic pressure in front of the rings. Bottom: H r along the Z axis at a 0.1 mm 
distance from the rings. 

modelling. However, it can be noted that the most energetic seals are the ones whose contour 
remain a portion of an ellipse. 

6.2 Shape of the crushed ferrofluid seal 

So, the model can be used further to describe the seal in presence of the inner moving part. As 

previously said, this part is a non magnetic cylinder forming an air gap with the permanent 

magnet structure. The device dimensions and the ferrofluid volume are chosen so that the 

seal plays its watertightening role. This means that the seal is crushed by the inner part 

(Fig. 17). The point is that for adequate ferrofluid volumes, the ferrofluid seal contour can 

still be described in terms of an equation of ellipse. 

If the same ferrofluid volume is considered as in the previous section, then adding the inner 

part results in the fact that the ferrofluid volume can't remain in the radial space and is 

driven away in the axial direction towards the free space of the air gap. As the geometry 

is axisymmetrical, the new seal contour is symmetrical and can be described as a truncated 

ellipse (Fig. 17). 

The point is that when the seal shape changes because it is crushed its magnetic energy 

decreases. This is illustrated by the values of Table 3 which present the energy reduction 

when the inner cylinder radius grows of respectively 0, 1 mm, 0, 15 mm and 0, 2 mm. This 

is of importance as the seal properties or performances are directly related to its magnetic 

energy. 

It can be noted that a 0.2 mm increase of the inner cylinder radius causes a 68% energy 

reduction. 
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Fig. 14. Top right: axially polarized upper and lower rings, radially polarized middle ring, 
the axial magnet height is the half of the radial magnet one. Top left: magnetic pressure in 
front of the rings. Bottom: H r along the Z axis at a 0.1 mm distance from the rings. 



Radius increase Energy reduction 



0,1 mm 
0, 15 mm 
0,2 mm 



13% 
35% 
68% 



Table 3. The inner cylinder radius increase causes an energy reduction in the seal. 

This modelling is useful to evaluate the mechanical properties and performances of ferrofluid 
seals. 



7. Capacity of the ferrofluid seal 

The static capacity of the ferrofluid seals is an important characteristic as it determines the 
maximal axial pressure they can undergo without losing their tightness property It depends 
naturally on the chosen configuration and this issue will be discussed later on. 
In some applications, the pressures on each side of the seal can be pretty different. 
Consequently, a pressure gradient appears: the ferrofluid seal is deformed and can be pierced 
(or blown) along the moving part for too high pressures. Therefore, the knowledge of the seal 
capacity is necessary or, inversely, the seal may be dimensionned to have a given capacity 
So, the configuration considered for the calculation corresponds to the case when a cylindrical 
air gap appears in the seal along the cylinder because of an applied pressure on one side of 
the seal (Fig.18). 
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Fig. 15. Top right: axially polarized upper and lower rings, radially polarized middle ring, 
the axial magnet height is the double of the radial magnet one. Top left: magnetic pressure in 
front of the rings. Bottom: H r along the Z axis at a 0.1 mm distance from the rings. 
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Fig. 16. Magnetic iso-pressure lines for h = 3 mm. 

The ferrofluid seal capacity is determined in two steps. First, the potential energy of the 
ferrofluid seal is evaluated without any hole in the seal. The numerical integration of (24) 
leads to a first value of the potential energy, E m (l). Second, the potential energy, E m (2), of 
the ferrofluid seal with the hole is evaluated with another numerical integration. The energy 
difference, AE m , corresponds to the pressure work SW(P) and satisfies (22): 



AE m = E m (l) - £ m (2) = SW(P) = P lim Sd 



(22) 
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Fig. 17. Crushed ferrofluid seal. 
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Fig. 18. Seal pierced along the inner cylinder. 



Seal thickness 



0,1 mm 
0,3 mm 
0,5 mm 



Volume 

4.7 mm 3 
12 mm 3 
21mm 3 



H t 






700 000 A/m 
600 000 A/m 
450 000 A/m 



Table 4. Seal volume and Magnetic field for a given ferrofluid seal thickness 

where S is the surface of the air gap and d is the thickness of the hole. Consequently, the 
capacity Pj zm is given by (23): 

~ Sd 
Numerical values have been calculated with several ring inner radii and are shown on Fig. 19 
where the ferrofluid seal thickness is defined as the axial thickness of the ferrofluid in the air 

gap- 
Figure 19 also illustrates that thin ferrofluid seals resist to higher pressure gradients than thick 

ones. Besides, Table 4 gives the ferrofluid volume corresponding to each seal thickness and 

the lowest magnetic field H\\ m in the seal volume. 
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Fig. 19. The static capacity P/ zm [Pa] of the ferrofluid seal depends on its thickness ft [mm] 

8. Ferrofluid seals as bearings 

One of the issues of the use of ferrofluid seals is their behavior as radial bearings. Indeed, 
when the inner moving part is no longer radially centered the ferrofluid seal exerts a pull 
back centering force and the corresponding radial stiffness can be evaluated. 

8.1 Radial stiffness evaluation 

The considered position of the inner moving part is illustrated both on Fig.20 and Fig.21. 




Fig. 20. Decentered inner cylinder: cross-section. 
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Fig. 21. Decentered inner cylinder: crushed ferrofluid. 

They show that the air gap radial dimension depends on the angle 0. Moreover, the problem 
is now fully three-dimensional. Indeed, when the inner cylinder moves radially, the ferrofluid 
is more crushed on the narrow air gap side and it is driven away not only in the axial direction 
but also around the inner cylinder towards the regions of broader airgap. The new ferrofluid 
repartition is achieved according to energy considerations. 
The evaluation of the radial stiffness is carried out in two steps. 

First, the potential energy E m (l) is calculated when the non-magnetic cylinder is centered 
(Fig.l) with (24): 

(24) 



E m = -jjJ^ Pm (r /Z )dV 



Then, the potential energy E m (2) is calculated when the non-magnetic cylinder is decentered 
(Fig.21). In this second configuration, the limits of the integrals depend on the angle 0. Thus, 
the potential energy E m (2) is determined with (25): 



Em (2) 



rln rr in rZ 

JO Jr +ecos(e) J-: 



e m (r,z)rdrdOdz 



h +ecos(6) . 

where tq and e are determined by the equation of the decentered circle (26): 

r(0) = r + ecos(6) 

where vq = 24.7 mm and e = 0.1 mm. 

The radial force F r is then calculated with (27): 



F r 



E m (l)-E m {2) 
2Ar 



(25) 



(26) 



(27) 



where Ar = 1 mm is the radial decentering of the inner cylinder. 
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Eventually, the radial stiffness k r is determined by (28): 

t, = % (28) 

As a result, the numerical value of the radial stiffness is k r = 5.6 N/mm for a ferrofluid seal 
of 0.3 mm thickness. 

9. Comments and discussion 

Thus far, this chapter described how ferrofluid seals are formed in magnetic structures and 
which shape and characteristics they have. Now, this section intends to comment and compare 
these structures with regard to the seals properties and performances in relation with the 
intended kind of application. 

Indeed, the design depends on the goal and two major trends can be highlighted: the 
application consists in creating a seal for tightness purposes only or it intends to create a 
seal and a useful magnetic field, as in voice coil motors for example. 

9.1 General purpose 

In each case the seal mechanical properties are one of the issues, if not the only one. 
Now, the structures presented can be very simple or more elaborate. Of course, the simplest 
ones are the single magnet structures, which lead to rather similar seals whatever the 
polarization direction. However, axially polarized ring magnets are cheaper and more easily 
available than radially polarized ones because the axial polarization is technically far easier 
to achieve. So, for simple and cheap solutions the choice should be a single axially polarized 
ring magnet. 

Though, the mechanical robustness of the seal is linked to the magnetic pressure and the 
magnetic potential energy in the seal. Therefore, the high performance structures are not the 
simplest ones. Indeed, the previous sections show that multi-magnet structures create higher 
magnetic fields as well as larger field gradients to trap and fix the ferrofluid and that the thus 
formed seals are in areas of higher magnetic pressure. 

The air gap dimensions can be chosen but must fulfill mechanical constraints: the movement 
of the inner part must be possible with the known mechanical clearances, the machining 
tolerances of the parts must be taken into account... Besides, the performances of a ferrofluid 
seal depend on the magnetic structure dimensions and on the seal thickness. For instance, the 
triple magnet structures of Fig. 15 or Fig. 12 lead to efficient seals thinner than the double 
magnet structures of Fig. 9 because the region of high magnetic pressure is radially thinner. 
Then, for given air gap dimensions, the type of magnetic structure is chosen with regard to the 
intended class of performances (low or high...) and then the ferrofluid volume is determined 
to achieve the optimal properties for this structure. And the ferrofluid shape depends on both 
the magnetic pressure and the ferrofluid volume. 

Furthermore, "optimal properties" often means that the seal is robust and can resist rather 
high axial pressures, so, that its capacity is high. The preceding sections have shown that 
this is the case when the seal exerts an opposing force, related itself to energy variations in 
the ferrofluid seal. A great energy variation creates a high intensity force. Therefore, a high 
capacity is achieved when the iso-pressure lines are very close together in the axial direction: 
the energy variation will be large for axial displacements of the seal contour thus creating a 
considerable force. The preceding calculations and their illustrations show that thin seals are 
more energetic. Then, if a thin seal must achieve the tightness the air gap should be rather 
thin either. But the notion of "thin air gap" or "thin seal" is a relative one, defined in fact 
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with regard to the magnetic structure axial dimension. Indeed, in the taken examples a thin 
seal corresponds to a seal whose radial dimension is around the tenth of a ring magnet axial 
thickness. So, the seal can be the twentieth or the thirtieth of the axial total dimension for 
multi-magnets devices. And the axial dimension of the magnets is a tunable parameter. 
As shown in Fig 10, the ferrofluid seal axial height decreases when the ring magnet height 
increases. This implies that for a structure that requires an axially narrow ferrofluid seal with 
a high static capacity, the height of the ring magnets must be larger than their radial width. 
Moreover, the radial magnet dimension can also be tuned to achieve a high static capacity. 
Indeed, if the radial dimension is increased, the magnetic field intensity in the air gap is 
increased and so is the potential energy. 

Thus, the design will generally be the result of trade-offs and the modelling presented will 
greatly help the device dimensioning and optimizing. 

As the seal has a radial bearing behavior too, it must be characterized with regard to this 
function. So, the maximal radial decentering without creation of a hole in the seal for a 
given ferrofluid volume has to be determined. This can also be evaluated thanks to the 
presented modelling. For example, for a ferrofluid volume corresponding to a free boundary 
seal of 0.4 mm radial thickness and an inner moving part creating a 0.3 mm wide air gap, 
the maximal radial displacement of the moving part without tightness loss is 0.14 mm (ring 
magnets dimensions: r z - n = 25 mm, r ou t = 28 mm, h = 3 mm). 

9.2 Special applications: transducers 

Now, if the created magnetic field itself is of importance, like in actuators or sensors, the 
intensity and the uniformity of the field in the air gap are additionnal issues. 
Indeed, voice coil motors require the creation of a force which is as exactly as possible 
the image of the driving current. This can be achieved if the magnetic field created by 
the permanent magnets and applied to the coil is uniform. Moreover, the efficiency is 
proportionnal to the field level. 

These requirements are the same in transducers like seismometers, in which ferrofluid seals 
can be used as bearings and guiding systems. But, the field level will characterize the sensor 
sensitivity rather than an efficiency. 

And they are even more important in special voice coil motors such as loudspeakers, in 
which the ferrofluid seal is used to ensure the airtightness, to transfer the heat from the 
moving part to the steady one, to work as a radial bearing and to replace the loudspeaker 
suspension thus contributing to the improvement of the loudspeaker linearity. Therefore, 
the structures presented in Figs. 5, 9 and 12 with radialy magnetized magnets and creating 
uniform magnetic field radial components are the most useful for loudspeaker appications. 
The triple magnet structures, though more complicated, offer the possibility of a multi-criteria 
optimization which will make the design easier and is enabled by the proposed analytical 
formulations and modelling. 

10. Conclusion 

Thus this chapter presents how ferrofluids can be used to form seals in various ironless 
magnetic structures. As preamble, the analytical evaluation of the magnetic field created by 
ring permanent magnets is given. Then, a simple analytical model is proposed to describe 
the static behavior of the ferrofluid seals: their shape, their static capacity, their working as 
bearings. 

The originality of the considered structures lies in the fact that they are made of permanent 
magnet only, without any iron on the static part nor on the moving part which is a non 
magnetic cylinder. 
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Various magnetic structures are presented: some are very simple with a single ring magnet, 
some more complicated with three ring magnets. For each of them, the forming of one or more 
ferrofluid seal is decribed, with regard to the magnetic structure geometry and the ferrofluid 
volume. The properties and performances of the seals are also characterized and compared 
thanks to the concepts of magnetic pressure and magnetic potential energy. The modelling 
proves to be very useful and efficient to illustrate the magnet role and deduct design rules for 
ferrofluid seals with given mechanical characteristics. 

Some information is also given for peculiar application such as voice coils motors in which the 
magnetic structure plays the double role of fixing the ferrofluid seal and creating a magnetic 
field with special properties such as uniformity. 
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1. Introduction 

Geometry, hardness and size can be considered the most important characteristics affecting 
the wear rate caused by abrasive particles. The combined effect of these characteristics on 
wear has not yet been modeled as a whole. One particular model, proposed by 
Rabinowicz et al. (1961), involves a single particle being considered as a pointed tool, so that 
the effect of the geometry can be determined. 
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Fig. 1. Conical abrasive particle cutting a groove of depth p, and sliding for a distance Al to 
produce a wear volume V (Rabinowicz et al., 1961). 

The wear rate is expressed as follows: 

tanO W 
dV/dl = —— (1) 

n H W 

where tanO is the average tangents of all roughness angles of the abrasive particles, H is the 
hardness of bearing surface and Wis the total load. 

In this case the particle is considered to be a solid body that neither degrades nor changes 
size and whose properties remain constant throughout the whole wear process. This 
hypothesis is not verified, especially for those situations where the hardness of abrasive is 
lower than the abraded material. This situation led to small wear rates, and it is usually 
classified as mild wear (Gates, 1998). The fragmentation of particles depends on their 
fracture toughness, and it is possible to verify in the literature data that the higher the 
hardness, the higher the fracture toughness (Fig. 2). Therefore, for softer abrasives the 
breakage is easier. 
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Fig. 2. Hardness and fracture toughness for usual abrasive materials. Data from Broz et al. 
(2006) for apatite, quartz and alumina; Rhee et al. (2001) for glass; Kaur et al. (2009) for SiC; 
Taniguchi et al. (1996) for cBN, and Tromans & Meech (2002) and Beste & Jacobson (2003) 
for hematite. 

A likely effect of fragmentation is the reduction of size, another important characteristic of 
abrasive not incorporated in (1) (Rabinowicz et al., 1961). The well-known effect of particle 
size in wear rates was studied by Coronado & Sinatora (2009) for mottled cast iron with 
different contents of retained austenite (Fig. 3). 

From Fig. 3 a high increase of mass loss with abrasive size can be observed, up to 
approximately 70 microns. After this, the mass losses do not increase at the same rate, and 
even in some cases, they do not change from a critical particle size. Many theories have been 
proposed to explain the effect of particle size in abrasive wear (Misra & Finnie, 1981), but a 
particularly important model, proposed by Sin et al. (1979) related this behavior to the 
abrasive characteristic considered by Rabinowicz et al. (1961): the particle geometry. 
Sin et al. (1979) assumed that the abrasive particles are conical in shape with a hemispheric 
tip. With this hypothesis, they explained the effect of particle size on wear rates due to the 
changes in the tip radius. Therefore, the smaller the particle, the higher the tip radius, i.e., 
the small particles have rounder tips, and one can assume that they abrade a surface in the 
same manner of spherical particles. 

Although this theory was criticized by Misra & Finnie (1981), there are many experimental 
evidences that support it. A good aim is to design the particle geometry that reproduces the 
practical results. For example, three numerical simulations (Jacobson et al., 1988, 
Jiang et al., 1998 and Fang et al., 2009) assumed the same geometry adopted by 
Sin et al. (1979) for the abrasive particles. In all cited investigations the particle size effect 
was very well-reproduced. Besides these studies, two experimental evidences can be 
mentioned also. 



Characteristics of Abrasive Particles and Their Implications on Wear 



119 



Firstly, Graham & Baul (1972) obtained for an aluminum alloy tested in a single pass scratch 
the results shown in Fig. 4. 
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Fig. 3. Effect of abrasive size on mass loss of mottled cast iron with different retained 
austenite contents (Coronado & Sinatora, 2009). 
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Fig. 4. Specific energy of cutting as a function of tool radius of spherical tip tool on the apex 
of a 90° cone (Graham & Baul, 1972). 
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Although these results are expressed in terms of specific energy as a function of tool radius, 
they can be correlated with results as those presented in Fig. 3. In the scratch test an increase 
in the tool radius means that the aluminum alloy experienced a contact with a blunt tool. 
Following Sin et al. (1979), small particles behave like blunt ones. In addition, the specific 
energy for cutting is high for small particles, as demonstrated in some investigations 
(Jacobson et al, 1988, Jiang et al, 1998). 

The second example favorable to the bluntness theory was given by 
Gahlin & Jacobsson (1999). They produced controlled surfaces using micro mechanical 
etching technique, and different particle sizes were simulated by changing the packing 
density. Their main results are presented in Fig. 5, having tin as the worn material. 
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Fig. 5. The wear rate varying with packing density, considering: (a) sharp and (b) blunt tips 
(Gahlin & Jacobsson, 1999). 

Fig. 5a shows that the size effect was not observed for the sharp tips. On the other hand, 
blunt tips exhibited a significant size effect. These results thus confirm that the relative 
bluntness theory is able to explain the effect of abrasive size in wear rates. 
In the next item we will discuss possible approaches to characterize the abrasive wear, 
considering the difficulty to determine the level in which a particle loses its sharpness and 
the strong relationship between this and the mechanical properties of abrasive, such as 
hardness and fracture toughness, as previously described. 



2. Approaches to characterize abrasive wear 

Fig. 6 presents a sequence of events since a particle abrading a surface to the material 

removal step, resulting in a production of debris. 

The wear debris characterization is still little employed in abrasion process 

(Stachowiak et al., 2008), so that this aspect will be not treated here. 

The first approach to characterize the abrasive wear process can be made through the shape 

evaluation of abrasive particles. There are a lot of shape parameters, including the aspect 

ratio, roundness and fractal dimension (Kaye, 1998). Special attention to new developments 

to shape evaluation is given by Stachowiak and co-workers in a series of investigations. A 

remarkable definition is the spike parameter - quadratic fitting (SPQ) 

(Hamblin and Stachowiak, 1996), which is based on the localization of the centroid of the bi- 

dimensional section of particle and the circle in which radius is equal to the average radius 
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Fig. 6. Three ways to characterize the abrasive wear. Images adapted from 

De Pellegrin & Stachowiak (2005), Buttery & Archard (1971) and Stachowiak et al. (2008). 

of particle (Fig. 7). The areas outside the circle are considered as interest regions, whereas 
the bulk is suppressed. The maximum local diameter is determined for each region outside 
the circle and this point is treated as spike vertices, M. The spike laterals, which are between 
the segments sp-mp and mp-ep are represented by polynomial quadratic functions. 
Differentiating the functions at point mp, led in the apex angle 6 . 



3(0/2) 



(2) 




Fig. 7. Routine to calculate the spike parameter SPQ. 

The spike parameter - quadratic fitting (SPQ) is thus obtained from the average value of 
valid spikes, where n is the number of found spikes: 
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SPQ = -^sv (3) 

n 

The second possible form to characterize the abrasion process is to measure the surface 
roughness of an abraded material. Spurr (1981) proposed that the ploughing contribution to 
friction can be related to the roughness parameters, as follows: 

8 Ra 

Mp=-y~ ( 4 ) 

n Aa 

Taken into account the definition of Aa (= 2nRa / Aa), (4) can be rewritten as 

ju P = 0.4 Aa (5) 

where Aa is defined as the mean absolute profile slope over the assessment length. 
Torrance (2002) defined the parameter Rqs as the rms slope of abrasive in contact with 

abraded material. In his description, both wear and friction coefficients are depended on this 
parameter. A simple definition provided by Torrance for this parameter is: 

(6) 

where / n is the normal force per grit, Hs is the surface hardness of metal, and p is the average 
scratch depth made by abrasives. If the geometry of abrasive was perfectly transferred to the 
worn surface, it would be possible to associate the Torrance's definition to the rms slope of 
the profile, Aq . 

More recently, Da Silva & De Mello (2009) used the hybrid bi-dimensional parameter 
Aq (=27tRq / Aq), which represents the root mean square wavelength of the profile, and 
considering that this parameter can be associated to the width of the scratches, they found a 
relationship between scratch widths and normal load using the single scratch experiments. 
All definitions above mentioned made use of a roughness parameter of height and another 
that express the slope. The relationship between each other can be a good indicative of the 
contact area between abrasive and abraded surface. For example, McCool (1987) proposed 
an easily programmed method using the rms height and rms slope to estimate the contact 
area in a microcontact model. 

3. Experimental 

The wear and friction coefficients were presented elsewhere in Pintaude et al. (2003) and 
Pintaude et al. (2009), in tests performed under sliding abrasion using pin-on-disk 
apparatus. The tested materials were obtained from three groups: 

• Low-carbon steel (composition similar to AISI 1006 steel). 

• Bearing wiredrawn steel (AISI 52100). 

• High-chromium cast iron. 

The low-carbon steel was tested in the as-cast condition. The bearing steel (Q&T 52100 steel) 
and the high-chromium cast iron (HCCI) were heat-treated. The Vickers hardness of tested 
materials is presented in Table 1. 
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Material HVi, MPa 
Low-carbon steel (1006 steel) 973 

Bearing steel (Q&T 52100 steel) 4070 

High-chromium cast iron (HCCI) 4600 

Table 1. Vickers hardness of tested materials. 

Pins of 3 mm diameter and 21 mm length were tested in a pin-on-disk apparatus, using 
abrasive papers coated disks. Conditioning of the pin surface before starting the test was 
made using a grit 600 corundum paper. The abrasives used in the tests were glass paper, 
either with 80 grit (0.20 mm average grain size) or 240 grit (0.06 mm of average grain size). 
During tests the following variables were controlled: rotational and tangential velocities, 
number of revolutions, position of the pin in relation to the disc, sliding distance, tangential 
and normal forces, friction coefficient, room relative humidity and room temperature. 
All tests were performed using 20 N of normal force, applied by deadweight. At least seven 
mass determinations were made for each test piece. 

An analytical scale with 0.1 mg resolution was used to measure pin mass. A minimum mass 
variation of 1 mg was established for each test, in order to avoid the error of scale. In the 
case of the more wear resistant test pieces, up to 10 abrasive papers were used for each test. 
With the measurement of mass losses and friction coefficients, it is possible to calculate the 
abrasion factor, f a b, defined as the proportion of groove volume removed. The volume of 
material displaced is equal to the area A3 but, of this material, a volume equal to the area A2 
is retained upon the surface as piled-up material. Thus, the volume of material removed 
(wear) is equal to (A3-A2) (see Fig. 8). An alternative used to determine/^ is presented by 
Jacobson et al. (1988), defined in (7): 

f ab =K A /^iP (7) 

where Ka is the wear coefficient and jup is the ploughing component of the friction 
coefficient. To find jup, the adhesive component of the friction coefficient is assumed as 0.2, 
so that this value is reduced from the whole friction coefficient values provided by 
Pintaude et al. (2003, 2009). 

After the wear tests, the surface roughness of worn pins was determined, using 1.75 mm as 
sampling length, performed in PERTHOMETER v 6.2 equipment. The calculations of 
roughness parameters were made using MATLAB 5® software, 5.3 version. In this software, 
two filters were applied: one to remove the waviness of profile and another one to 
determine the mean line. After that, the profiles were divided into 7 cut-offs, of which the 
initial and final were discarded, and the remaining 5 were used to obtain the roughness 
parameters values. The routine of calculation was adequately tested in a standard block 
supplied with the roughness measuring equipment. 

The glass particles were extracted from papers to analyze their shape factors. Twenty 
particles were randomly selected from two samples of glass, whose average size are 72 and 
455 microns. These particles were removed from papers of #80 and #240 mesh, respectively. 
The images obtained in optical microscope were then submitted to threshold process in the 
Image-Pro Plus software to convert the grayscale to binary image (Fig. 9). The output binary 
images has values of 1 (white) for all pixels in the input image with luminance greater than 
defined level and (black) for all other pixels. The transition level was based on the 
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histogram of images. The Image-Pro Plus software has routines to calculate the average 
values of roundness factor, fractal dimension and aspect ratio and these shape factors were 
determined for each group of glass particles. 




Fig. 8. Abrasion factor definition (Buttery & Archard, 1971). 
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Fig. 9. Binary images of glass particles: (a) 72 microns and (b) 455 microns average size. 
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4. Results and discussion 

Table 2 shows the shape factors determined for glass particles removed from #80 and #240 
papers. Also, the wear rates promoted by these particles abrading quenched and tempered 
52100 steel with 4.07 GPa Vickers hardness after sliding abrasion tests are provided. 



Average size, microns 


Wear rate 
(m 3 /m) 


Aspect ratio 


1/ Roundness 


Fractal 
dimension 


72 


7.25E-12 


1.5 ± 0.3 


1.4 ± 0.1 


1.06 + 0.01 


455 


6.84E-11 


1.5 + 0.3 


1.5 ± 0.1 


1.07 + 0.01 



Table 2. Shape factors values for different glass particle sizes and the respective wear rates 
of 52100 steel caused by them 

The wear rates were very much affected by the glass particle size. The increase from 72 to 
455 microns caused an increase of one order of magnitude in wear rates. The values of shape 
factors presented in Table 2 do not corroborate the theory given by Sin et al. (1979), since 
there is no difference among them. 

The insignificant effect of average size on shape factor was also demonstrated by 
Bozzi & De Mello (1999). When they tested silica grains against WC-12%Co thermal sprayed 
coating in three-body abrasion during 330 min, the average size of abrasive particles were 
reduced in 38.2%. This reduction did not occur in the same proportion for the roundness 
factor: only 2.9% of reduction was observed for the shape value. An important aspect of 
tests performed by Pintaude et al. (2009) and Bozzi & De Mello (1999) is that the hardness of 
abrasive is lower than that of worn material, resulting in a mild wear. In these cases, a 
possible explanation for the failure of a particle to penetrate another surface is that the 
geometry of the particle that is not sufficiently hard to produce a scratch on the other 
material must have undergone a change after its breakage. The particles indeed break, as 
has been shown in an earlier study (Pintaude et al., 2003). Thus, instead of having more 
points to cut with, the broken particle ends up becoming blunter, so that it cannot cut. 
However, the shape characterization did not prove this. 

Another set of results was obtained by De Pellegrin & Stachowiak (2002) (Fig. 10), broader 
than those presented in Table 2 and by Bozzi & De Mello (1999). Again, no one can observe 
any variation of the shape factor (aspect ratio) with particle size. 
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Fig. 10. Aspect ratio of alumina particles as a function of their median particle diameter (De 
Pellegrin & Stachowiak, 2002) . 
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Although the presented results had been contrary to the bluntness theory, the same cannot 
be discharged due to an important reason. The shape factors determination should be 
considered as a bi-dimensional analysis and the action of abrasive during mechanical 
contact occurred in 3D dimension. Thus, De Pellegrin & Stachowiak (2002) pointed out that 
the presence of re-entrant features made a difference between the induced groove area and 
the calculated one from the particle projection. For this reason, we will test now some ideas 
about roughness characterization of abraded surfaces. 

Table 3 presents the results of abrasion factors for 1006 and 52100 steels and for high- 
chromium cast iron abraded by glass papers. In addition, the root mean square wavelength 
values of abraded surfaces were also presented. 





Xq , mm 


fab (= Ka/Mp ) 


Worn material 


#80 paper 


#240 paper 


#80 paper 


#240 paper 


1006 steel 


23.2 


16.3 


0.0411 


0.021 


Q&T 52100 steel 


39 


26.9 


0.106 


0.037 


HCCI 


26.6 


N.T. 


0.00895 


N.T. 



Table 3. The root mean square wavelength of the profile and the estimated abrasion factor of 
three materials tested in sliding abrasion using glass as abrasive. N.T.: not tested. 

The results presented in Table 3 show expected trends for steels, abraded in severe wear: the 
abrasion factor is higher for the hardest steel and lower as the abrasive particle size is 
reduced. In addition, the volume removed as debris to volume of micro-grooves of pins in 
repeated sliding determined by Hisakado et al. (1999) was in the same order of magnitude 
of those presented in Table 3 for tested steels. 

Now, it is important to establish a possible relationship between the Xq and f a b values. 
Taken into account the results obtained for 1006 steel tested with #80 paper and for 52100 
steel abraded by #240 glass particles one can conclude that the abrasion factors were similar, 
and at the same time, as well as the Xq ones. Again, it is remarkable that the wear in these 
cases was severe, i.e., the hardness of abrasive is higher than the hardness of steels. 
An important observation from Xq results is that these values are more affected by Rq than 
the Aq values, i.e., the increase in particle size leads to an increase in the height profile, and 
the slope kept almost unmodified. This kind of result was already described by 
Hisakado & Suda (1999) in abrasive papers, when they measured the slope of SiC particles 
with different grain sizes (Table 4). 



Abrasive 
papers 


Average size, 
microns 


Slope angle of abrasive 
grain 


Rms roughness, 
microns 


#100 


125 


47.2 


68.2 


#1000 


16.3 


54.1 


10.7 



Table 4. Topographical properties measured on abrasive papers constituted of SiC particles 
(Hisakado & Suda, 1999). 

In order to reinforce the above discussion, a scheme given by Gahlin & Jacobson (1999) 
(Fig. 11) shows how the increase of particle size can mean a change only in the height 
roughness parameter with no variation in the slope of surface. In Fig. 11, D3 > D2 > Dl, 
being D the diameter of particle, and H3 > HI, being H the total height imprint at surface. 
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Fig. 11. Illustration showing a simultaneously increase of particle diameter and total height 
(adapted from Gahlin & Jacobson, 1999). 

From the above analysis, we can conclude that the Xq roughness parameter is a powerful 
variable to characterize an abraded surface, discriminating the effect of particle size under 
severe wear. In this situation, the abrasive characteristics are changed a little during the 
mechanical contact. 

On the other hand, a very different situation occurred for HCCI. At present, this material 
was abraded under mild wear, and a severe fragmentation of glass particles was observed. 
The fab is very lower than that observed for 52100 steel (Tab. 3), despite the fact that their 
difference in hardness is not significant. In addition, any kind of correlation is possible to 
make with the Xq value, as made for the steels between Xq and fa,. 

Here, we identified a lack in the literature proposals to identify changes that happens 
during the contact between a soft abrasive and a hard abraded surface, even the bluntness 
theory proposed by Sin et al. (1979) has received good experimental evidences, as 
previously discussed. 

We pay heed to other evidence in the literature to support it, since the relationship between 
static hardness tests and abrasion is always employed. Following the definitions provided 
by Buttery & Archard (1971) (Fig. 8), the fraction of material displaced is reduced as the 
severity of pile-up increases. The surface deformation, after the complete unloading, was 
evaluated by Alcala et al. (2000) for spherical and Vickers geometry indenters, considering 
the static indentation process. The results obtained by these researches for work-hardened 
copper is presented in Fig. 12. 




Fig. 12. Surface topography around spherical (a) and Vickers (b) indents for an indentation 
load of 160 N performed in a work-hardened copper. The dimensions are provided in 
microns (Alcala et al, 2000). 
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The height dimensions at the center of indentation and at its ridges allow calculating the 
severity of pile-up (s), following (8). Thus, one can conclude that the spherical indentation 
gives rise to a larger severity of pile-up. It implies that/ a & produced by a spherical indenter 
should be smaller than that estimated for a pyramidal (angular). The small particles tested 
by Pintaude et al. (2009) produced low values of f a b, confirming the possibility that they 
scratch the surface as spherical particles. 

s=* (8) 

X 

5. Conclusions and future trends 

The measurement of shape factors using bi-dimensional technique is not useful to prove the 
theory put forward by Sin et al. (1979) used to explain the particle size effect in abrasive 
wear rates, although a series of experimental evidences support it. The main reason for this 
discrepancy is the 3D action of abrasives during the wear process, and a bi-dimensional 
characterization probably disregards the presence of re-entrant features of particles in this 
case. 

For severe abrasion, when the hardness of abrasive is higher than the worn surface material, 
the use of roughness characterization by means of a hybrid parameter is a good way to 
discriminate the particle size effect, probably due to the undermost changes in the slope of 
particles, which have a high cutting capacity providing by a combination of their hardness 
and fracture toughness. 

However, for mild abrasion, when the level of particles breakage is high, the surface 
characterization presented here is not yet enough to discriminate the size effects. Therefore, 
as a future trend we indicate the development of analytical tools able to detect the changes 
in abrasive sizes after their breakage, and the measurement of consequences of this process 
in their geometries. 
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"If condition were wrong, piston rings could disappear within 24 h after start up, whereas 
after successful run-in piston ring life could be two years." (Summers-Smith, 1997) 

1. Introduction 

The above quotation indicates the important of running-in phase, which occurs at the 
beginning of the contact in a mechanical systems. Tribologist identifies that running-in takes 
place on the first stages of the practical mechanical system operation such as automotive 
engines, gears, camshaft and followers, and bearings. Kehrwald (1998) expressed the 
significance of running-in phase by predicting that an optimized running-in procedure has a 
potency to improve the life time of a mechanical system by 40% and more and to reduce the 
engine friction without any material modification. 

The running-in phase is known as a transient phase where many parameters seek their 
stabilize form. During running-in, the system adjusts to reach a steady-state condition 
between contact pressure, surface roughness, interface layer, and the establishment of an 
effective lubricating film at the interface. These adjustments may cover surface conformity, 
oxide film formation, material transfer, lubricant reaction product, martensitic phase 
transformation, and subsurface microstructure reorientation (Hsu, et al., 2005). Next, the 
running-in phase is followed by a steady state phase which is defined as the condition of a 
given tribo-system in which the average dynamic coefficient of friction, specific wear rate, 
and other specific parameters have reached and maintained a relatively constant level (Blau, 
1989). 

Due to the complexity of the involved parameters, the discussion of running-in in this book 
chapter will be focused on the topographical change, contact stress and residual stress of an 
engineering surface which is caused by rolling contact of a smooth body over a rough 
surface. Specifically, the attention will be concentrated on the asperity of the rough surface. 
There are many applications of the rolling contact in mechanical components system, such 
as in bearing components, etc., therefore, the observation of the running-in of rolling contact 
becomes an interesting subject. The obvious examples are the contact of the thrust roller 
bearing and deep groove ball bearing where the running-in occurs on the rings. Its initial 
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topography, friction, and lubrication regime change due to the contact with the balls on the 
first use of the bearing lifespan history. 

This chapter is devided into six sub-chapters which the first sub-chapter deals with the 
significance of running-in as introduction. It is continued with the definition of "rolling 
contact" and "running-in" including with the types classification in sub-chapter 2 and 3, 
respectively. In sub-chapter 4, the model of running-in of rolling contact is studied by 
presenting an analytical model and numerical simulation using finite element analysis (FEA). 
A running-in model, derived analytically based on the static contact equation on the basis of 
ellipsoid deformation model (Jamari & Schipper, 2006) which is applied deterministically 
(Jamari & Schipper, 2008) on the real engineering surface, is proposed and verified with the 
experimental investigations. The topographical evolution from the initial to the final surface 
during running-in of rolling contact is presented. The numerical simulations of the two- 
dimensional FEA on the running-in of rolling contact are employed for capturing the plastic 
deformation, the stress and the residual stress. The localized deformations on the summit of 
the asperities and the transferred materials are discussed as well as the surface and subsurface 
stresses of the engineering surface during and after repeated rolling contacts. In sub-chapter 5, 
the experimental investigations, conducted by Jamari (2006) and Tasan et al. (2007), are 
explored to depics the topographical change of the engineering surface during running-in of 
rolling contact. With the semi-online measurement system, the topographical change is 
observed. The longitudinal and lateral change of the surface topography for several materials 
are presented. The last, concluding remarks close the chapter with some conclusions. 

2. Rolling contacts 

2.1 Definition of rolling contact 

When two non-conformal contacting bodies are pressed together so that they touch in a point 
or a line contact and they are rotated relatively so that the contact point/ line moves over the 
bodies, there are three possibilities (Kalker, 2000). First, the motion is defined as rolling contact 
if the velocities of the contacting point/ line over the bodies are equal at each point along the 
tangent plane. Second, it is defined as sliding and the third is rolling with sliding motion. 
According to Johnson (1985), a combination between rolling, sliding and spinning can be 
occured during the rolling of two contacting bodies, either for line contact or point contact. 
By considering the example of the line contact between body 1 and body 2, as is shown in 
the Fig. 1, the rolling contact is defined as the relative angular velocity between the two 
bodies about an axis lying in the tangent plane. Sliding or slip is indentified as the relative 
velocity between the two bodies or surfaces at the contact point O in the tangent plane, 
whereas the spinning is the relative angular velocity between the two bodies about the 
common normal through O. 

2.2 Types of rolling contact 

Based on the contact area, the problems of rolling can be divided in three types (Kalker, 
2000). (a) Problem in which the contact area is almost flat. The examples are a ball rolling 
over a plane; an offset printing press; and an automotive wheel rolling over a road, (b) 
Problems with non-conformal contact in the rolling direction plane and curved in the lateral. 
The examples are a railway wheel rolling over a rail and a ball rolling in a deep groove, as in 
ball bearings, (c) Problems in which the contact area is curved in the rolling direction, and 
conforming in the lateral direction where the example is a pin rolling in a hole. 
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In the case of rolling friction where the friction takes place on the rolling contact motion and 
produce the resistance to motion, Hailing (1976) classified the rolling contact into: (a) Free 
rolling, (b) Rolling subjected to traction, (c) Rolling in conforming grooves and (d) Rolling 
around curves. Whenever rolling occurs, free rolling friction must occur, whereas (b), (c) 
and (d) occur separately or in combination, depending on the particular situation. The wheel 
of a car involves (a) and (b), in a radial ball bearing, (a), (b) and (c) are involved, whereas in 
a thrust ball bearing, (a), (b), (c) and (d) occur. 




Tangent plane 



- y 



Common normal 

Fig. 1. Line contact between two non-conformal bodies, depicted on the coordinate system 

Depending on the forces acting on the contacting bodies, rolling can be classified as free 
rolling and tractive rolling. Free rolling is used to describe a rolling motion in which there is 
no slip and the tangential force at the contacting point/ line is zero. The term tractive rolling 
is used when the tangential force in the point/ line of contact is not zero or a slip is exist. 



3. Running-in 

3.1 The definition of running-in 

By definition, Summer-Smith (1994) describes running-in as: "The removal of high spots in 
the contacting surfaces by wear or plastic deformation under controlled conditions of 
running giving improved conformability and reduced risk of film breakdown during 



134 



New Tribological Ways 



normal operation". While GOST (former USSR) Standard defines running-in as: "The 
change in the geometry of the sliding surfaces and in the physicomechanical properties of 
the surface layers of the material during the initial sliding period, which generally manifests 
itself, assuming constant external conditions, in a decrease in the frictional work, the 
temperature, and the wear rate" (Kraghelsky et aL, 1982). 
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Fig. 2. Schematic representation of the wear behavior as a function of time, number of 
overrollings or sliding distance of a contact under constant operating conditions (Jamari, 2006) 

Generally, the running-in, which is related to the terms breaking-in and wearing-in (Blau, 
1989), has been connected to the process by which contacting machine parts improve in 
conformity, surface topography and frictional compatibility during the initial stage of use. It 
is focused on the interactions, which take place at the contacted interface on the macro scale 
and asperity scale, and involves the transition in the existing surface physical condition. For 
instance in gears contact of the transmission system, the tribologist observes the transition 
from the unworn to the worn state, from one surface roughness to another surface 
roughness, from one contact pressure to another contact pressure, from one frictional 
condition to another, etc. However, the physical change on the contacting surface in this 
phase, it also can be categorized as "physical damage" at the asperity level, is more 
beneficial instead of detrimental. 

Lin and Cheng (1989) divided three types of wear-time behavior. Majority of the wear time 
curves observed is of type I, in which the wear rate is initially high and then decrease to a 
lower value. Wear of type II is more usually observed under dry conditions and the wear 
rate is constant in time, whilst wear rate of type III is increasing continuously with time. 
Jamari (2006) presented the wear- time curve which consists of three wear regimes: running- 
in, the steady state and accelerated wear/ wear out as shown in Fig. 2. Each regime has a 
different wear behavior. 

During running-in, the wear-time curve belongs to wear regime of type I. The surface of the 
material gets adjusted to the contact condition and the operating environment. Wear regime 
of type II usually takes place in the steady state wear process where the wear-time function 
is linear. In the wear out regime, the wear rate increases rapidly because of the fatigue wear 
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which occurs on the upper layers of the loaded surface. The dynamic loading causes fatigue 
on the surface and results in larger material loss than small fragments associated with 
adhesive or abrasive wear mechanism. Breakdown of lubrication due to temperature 
increase, lubricant contaminant or environment factors are other causes of the increase of 
wear and wear rate in this regime (Lin & Cheng, 1989). 
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Fig. 3. The change of the coefficient of friction and a roughness as a function of time, number 
of overrollings or sliding distance of a contact under constant operating conditions (Jamari, 
2006) 

Figure 3 depicts the friction and roughness decrease as a function of time, the number of 
overrollings and/ or sliding distance. In the running-in phase, the changes of coefficient of 
friction and roughness in surface topography is required to adjust or minimize energy flow, 
between moving surface (Whitehouse, 1980). Based on Fig. 3, phase I is indicated by the 
striking decrease of the surface roughness and the coefficient of friction. On phase II, the 
micro-hardness and the surface residual stress increases by work hardening and the changes 
in the geometry of the contact affects the contact behavior in repetitive contacts which leads 
only a slight decrease of the coefficient of friction and surface roughness. After a steady state 
condition is obtained, where there is no significant change in coefficient of friction, the full 
service condition can be applied appropriate with design specifications. The steady state 
phase is desirable for machine components to operate as long as possible. 



3.2 The types of running-in 

3.2.1 Based on the shape of the coefficient of friction 

Blau (1981) started his work in determining the running-in behavior by collecting numerous 
examples of running-in experiments and conducting the laboratory experiments which 
resulted in sliding coefficient of friction versus time behavior graphs, in order to develop a 
physical realistic and useful running-in model. A survey of literature revealed eight 
common forms of coefficient of friction versus sliding time curves. Some of the possible 
occurrences and causes related to each type of friction curve were intensively discussed 
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(Blau, 1981). Each type is not uniquely ascribed to a single process or unique combination of 
processes, but rather must be analyzed in the context of the given tribosystem. 

3.2.2 Based on the induced system 

Blau (2005) divided the tribological transition of two types, namely induced and non- 
induced or natural transition. The induced transition is referred to when an operator applies 
a specified set of the first stage procedures in order to gain the desired surface condition 
after running-in of certain contacting components. For example, the induced running-in 
takes place when the new vehicle owner's drive the new car by following the manual book 
recommendation for the first 100 km. 

Non-induced or natural running-in occurs as the system 'ages' without changing the 
operating contact conditions such as decreasing the load, velocity et cetera. The change of 
the friction and wear during the sliding contact of a reciprocating piston ring along the 
cylinder wall is a good illustration of the natural transition. The hydrodynamic or mixed 
film lubrication regime which is performed during the piston ring reaches its highest sliding 
velocity at the mid of the stroke. Then, the lubrication regime changes to the boundary film 
condition when the piston rings reach its lowest velocity at the bottom and top of the stroke. 
The different regime of lubrication during the piston stroke is realized by the engine 
designer but the fact that the wear is higher at the bottom or top of the stroke due to the 
lubrication regime is not intentionally arranged by the designer (Blau, 2005). 

3.2.3 Based on the relative motion 

Based on the relative motion as explained by Kalker (2000), there are three types of motion, 
namely rolling, sliding and rolling-sliding contact which generate the different mode in 
surface topographical change. Considering the surface topographical change during the 
running in period, there are two dominant mechanisms: plastic deformation and mild wear 
(Whitehouse, 1980). Shortly after the start of sliding, rolling or rolling-sliding contact 
between fresh and unworn solid surface, these mechanisms occur. 

The rolling contact motion induces the plastic deformation at the higher asperities when the 
elastic limit is exceeded, as investigated experimentally by Jamari (2006) and Tasan et al. 
(2007). On the ball on disc system, the rolling contact generates the track groove on the disc 
rolling path which modifies the rough surface topography after a few cycles on the running- 
in phase. In this case, the plastic deformation mechanism due to normal loading is a key 
factor in truncating the higher asperities, decreasing the center line average roughness, R a , 
and changing the surface topography (Jamari, 2006). 

In the sliding contact, the change of the surface topography is commonly influenced by mild 
wear, considering several wear mechanisms such as abrasive, adhesive and oxidative. Many 
models, in predicting the surface topography change on the running-in of sliding contact, 
proposed with ignoring the plastic deformation (Jeng et al., 2004). Sugimura et al. (1987) 
pointed that the wear mechanism, i.e. abrasive wear, contributes to the surface 
topographical change of a Gaussian surface model during running-in of sliding contact. The 
work continued by Jeng et al. (2004) which introduced the translatory system of a general 
surface into a Gaussian model. Their works successfully predicted the run-in height 
distribution of a surface after running-in phase of a sliding contact system. 
Running-in of rolling contact with slip, which indicates the rolling-sliding contact, promotes 
both plastic deformation and wear in modifying the surface topography. Wang et al. (2000) 
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investigated the change of surface roughness, R a as a function of sliding/ rolling ratio and 
normal load. The small amount of sliding at the surface increased the wear rate, minimized the 
time to steady state condition and resulted into a smoother surface than with pure rolling. The 
combination of the plastic deformation model and wear model in predicting the material 
removal during the transient running-in of the rolling-sliding contact is proposed by 
Akbarzadeh and Khonsari (2011). They combined the thermal desorption model, which is the 
major mechanism of adhesive wear, with the plastic deformation of the asperity in predicting 
the material removal in macro scale. They measured wear weight, wear depth, surface 
roughness and coefficient of friction of the two rollers which was rotated for several rolling 
speeds and slide to roll ratio. The increasing of rolling speed resulted a better protecting film in 
lubrication regime and reduced the wear weight and wear depth while the increase of the slide 
to roll ratio increased the sliding distance and generated lower wear rate. The thermal 
desorption model indicated that increasing of the sliding speed caused the molecules have less 
time to detach from the surface and therefore the wear volume rate decreased. 

4. Running-in of rolling contact model 

The models for predicting the surface topography change due to running-in, published in 
the literature, are mostly related with sliding contact. Started from Stout et al. (1977) and 
King and his co workers (1978), the topographical changes in running-in phase is predicted 
by considering the truncating functions of Gaussian surface to obtain the run-in height 
distribution. Sugimura et al. (1987) continued by proposing a sliding wear model for 
running-in process which considers the abrasive wear and the effect of wear particles. Due 
to its limitation of the model for the Gaussian surface, Jeng and co-workers (2004) have 
developed a model which describes the change of surface topography of general surfaces 
during running-in. 

Other approaches have been applied by researchers for modeling running-in. Lin and 
Cheng (1989) and Hu et al. (1991) used a dynamic system approach, Shirong and Gouan 
(1999) used scale-independent fractal parameters, and Zhu et al. (2007) predicted the 
running-in process by the change of the fractal dimension of frictional signals. Liang et al. 
(1993) used a numerical approach based on the elastic contact stress distribution of a three- 
dimensional real rough surface while Liu et al. (2001) used an elastic-perfectly plastic 
contact model. In running-in of sliding contact, some parameters such as: load, sliding 
velocity, initial surface roughness, lubricant, and temperature have certain effects. Kumar et 
al. (2002) explained that with the increase of load, roughness and temperature will increase 
the running-in wear rate on the sliding contact. 

However, based on the literature review, there are less publications discussed the running- 
in of rolling contact model, especially, dealt with the deterministic contact of rough surface. 
Most of the running-in models available in literature, is devoted to running-in with respect 
to wear during sliding motion. These models are designed to predict the change of the 
macroscopic wear volume or the standard deviation of the surface roughness rather than the 
change of the surface topography locally on the real engineering surface during the running- 
in process. 

On the next section, an analytical and numerical model are described to propose another 
point of view in surface topographical change due to running-in of rolling contact. The 
discussion of the rolling contact motion at running-in phase is focused on the free rolling 
contact between rigid bodies over a flat rough surface and neglects the tangential force, slip 
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and friction on the contacted bodies. The point contact is explored in the analytical running- 
in contact model and experiments while the line contact is observed in numerical model 
using the finite element analysis. 




Fig. 4. Geometry of elliptical contact, after Jamari-Schipper (2006) 

4.1 Analytical model 

The change of surface topography due to plastic deformation of the non-induced running-in 
of a free rolling contact is presented in this model. On the basis of the elastic-plastic contact 
elliptical contact model developed by Jamari and Schipper (2006) and the use of the 
deterministic contact model of rough surfaces which has been explained extensively in 
Jamari and Schipper (2008), the surface topography changes during running-in of rolling 
contact is modeled. 

Jamari and Schipper (2006) proposed an elastic-plastic contact model that has been validated 
experimentally and showed good agreement between the model and the experiment tests. 
In order to predict surface topography after running-in of the rolling contact, they modified 
the elastic-plastic model of Zhao et al. (2000) and used the elliptical contact situation to 
model the elastic-plastic contact between two asperities. Figure 4 illustrates the geometrical 
model of the elliptic contact where a and b express the semi-minor and semi-major of the 
elliptical contact area. The mean effective radius R m is defined as: 
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R x and R y denote the effective radii of curvature in principal x and y direction; subscripts 1 
and 2 indicate body 1 and body 2 respectively. The modification of the previous model leads 
the new equation of the elastic-plastic contact area A^ and the elastic-plastic contact load P^, 
which is defined as follows: 
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where co is the interference of an asperity, subscripts 1 and 2 indicate body 1 and body 2 
respectively, a and ft are the dimensionless semi-axis of the contact ellipse in principal x and 
y direction respectively, y is dimensionless interference parameter of elliptical contact, Ch is 
the hardness factor, H is the hardness of material and K v is the maximum contact pressure 
factor related to Poisson's ratio v: 



K V =0A645- 
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(4) 



The change of the surface topography during running-in is analyzed deterministically and is 
concentrated on the pure rolling contact situation. Figure 5 shows the proposed model of the 
repeated contact model performed by Jamari (2006). Here, h(x,y) is the initial surface 
topography. The surface topography will deformed to h'(x,y) after running-in for a rolling 
contact. The elastic-plastic contact model in Eq. 2 and 3 are used to predict the h'(x,y). The 
calculation steps are iterated for the number/ distance of rolling contact. 





h (x,y) 



Elastic-plastic contact 
model 




h'(x,y) 



Fig. 5. The model of the surface topography changes due to running-in of a rolling contact 
proposed by Jamari (2006) 



4.2 Finite element analysis of running-in of rolling contact 

The next model of running-in of rolling contact is proposed numerically. In order to 
visualize the topographical change of the rough surface and observe the stress distribution 
during running-in phase, the two-dimensional finite element analysis (FEA) is conducted. A 
rigid cylinder was rolled over a rough surface in finite element software by considering the 
plain strain assumption. The free and frictionless rolling contact was assumed in this model. 
The cylinder was 4.76 mm in diameter while the asperity height on rough surface, Z as , was 
0.96 mm, the spherical tip on the summit of asperity, R a , was 0.76 mm and the pitch of the 
rough surface, P was 1.5 mm. The dimensions of the rough surface control its wave length 
and amplitude. The model, simulation steps and validation, described respectively in this 
section, have been used in the previous FEA of rolling contact simulation (Ismail et al., 
2010). 
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4.2.1 Material model and simulation steps 

The rough surface was modeled as aluminum and was considered as elastic- plastic material 
with strain hardening behavior where the behavior of the stress versus strain curve was 
obtained from the tensile test conducted by Bhowmik (2007). The curve described the strain 
hardening effect of the elastic-plastic material model and had been verified with his 
experiments and finite element simulations. For the rough surface, the elastic modulus (E), 
yield stress (S y ), and Poisson's ratio (u) were 70 GPa, 270 MPa, and 0.32, respectively 
whereas the cylinder was assumed to be a rigid body so that there is no deformation 
occured during rolling contact. 

The four nodes element with plain strain model was specified on the rough surface with the 
refine mesh was applied on the top of the rough surface. As depicted in Fig. 6, the 
refinement was also set on one of the asperity (at the center position) from the asperity 
summit to the bulk material for better investigation on the contact stress and residual stress. 
The simulation steps in FEA, as shown in Fig. 6, were conducted as follows: (a) the normal 
static contact was applied on the cylinder over the rough surface for an interference, co; (b) 
by maintaining the vertical interference, the cylinder rolled over to the right direction 
incrementally until reached the end of the rough surface and the cylinder was moved up for 
unloading; (c) the rolling contact of the cylinder over the rough surface was repeated for 
three times in order to observe the transition of the running-in phase. 

In order to compare the topographical change, contact stress and residual stress of the 
rolling contact, another simulation was carried out by conducting the repeated static contact 
of the rigid cylinder to the rough surface. The three steps on the repeated static contact were 
conducted as follows: (a) the normal static contact was applied on the cylinder over the 
rough surface with certain interference, co; (b) unloading the contact load by moving the 
cylinder up to the origin position; and (c) repeating this loading and unloading contact for 
three cycles. The same interferences and the same model were used in the repeated rolling 
contact and repeated static contact. 

4.2.2 FEM model verification 

The critical interference, co c , and the critical contact width b c proposed by Green (2005) for 
determining the yielding limit between the elastic and the elastic-plastic deformation of line 
contact were used to verify the model. These equations, derived by using the distortion 
energy yield criterion of maximum von Mises stress, are defined as: 



co c =R 



C5 y 



2 In 



2E' 

CSy 



(5) 



where C = 1.164 + 2.975u - 2.906 u 2 and E' is the equivalent elastic modulus. The analytical 
equations were compared with the results of the finite element simulation of the present 
model in predicting the yielding of the model. 

Based on Eq (5) and (6), the critical interference and the critical contact width of the static 
contact between a rigid cyclinder versus a single asperity are 9.53 x 10" 5 mm and 2.88 x 10" 3 
mm, respectively. A single asperity is employed as a representation of the rough surface. 



Topographical Change of Engineering Surface due to Running-in of Rolling Contacts 



141 



Static contact applied 



■:.'■' Rolling 
j^/ direction 







yA 



-> 




Fig. 6. The rolling contact simulation: (a) start from the static contact, (b) followed by rolling 
contact with maintaining the contact load, and (c) the roller reaches the end of the rough 
surface and is unloaded 

When the calculated cd c is applied on the present model of the finite element simulation, the 
measured contact width in FEA is 3 x 10 3 mm. The result implies the rational agreement 
between the analytical and numerical results where the deviation is 4.16 %. Then the von 
Mises yield stress criterion in the FEA was used to check the maximum stress. The obtained 
maximum yield stress indicates that the material starts to yield and the deformation is 
categorized in elastic-plastic regime. By comparing the von Mises stress of the obtained 
value in FEA (249.7 MPa) and the yield stress of the material model 270 MPa, a deviation of 
7.52 % is found. The comparison of the analytical calculation and numerical simulation is 
listed in Table 1. 

The previous critical interference and contact width are relatively small compared to the 
analytical calculation of the contact between the rigid cylinder with a flat surface. The 
analytical result of the critical interference and contact width in this case, where co c and b c are 
1.98 x 10 3 mm and 5.99 x 10 2 mm, respectively, are twenty times higher compared to the 
previous calculation. The accuracy of the analytical calculation of this model, compared to the 
results in FEA, increase significantly where the deviation of the contact width and the 
maximum von Mises stress are 2.93% and 0.13%, respectively. Table 1 shows the comparison 
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between the prediction of the analytical model (Green, 2005) and the numerical simulation of 
single static contact occupying the present model. The table exhibits the transition of the elastic 
to elastic-plastic deformation with respect to the co c , the b c and the maximum von Mises stress. 



Contacting 
Bodies 



analytic 
(mm) 



b c 

analytic 

(mm) 



b c 

numeric 
(mm) 



Diff. 
of b c 

(%) 



Max stress 

(vM) numeric 

(MPa) 



Diff. of 
max stress 

(%) 



Cylinder vs 953xl0 . 5 2.88x10-3 3x10-3 4.2 249.7 

singe asperity 

Cylinder vs 198xl0 . 3 5.99x10-2 5.98x10-2 0.1 262.1 

flat surface 



7.5 
2.9 



Table 1. Comparison between the analytical model and numerical simulation for 
determining the transition of the elastic to elastic-plastic deformation for the static contact of 
the present FE model 

The conclusion of the model verification is the present finite element simulation has a good 
agreement with the previous analytical model in predicting the critical interference, critical 
contact width and the maximum von Mises stress. However, the lower deviation, which is 
found in the contact between cylinder versus flat, argues that the Green's model has an 
opportunity to be derived by considering the contact between cylinders with the high ratio 
of the diameters such as the contact between cylinder and one asperity in this case. The 
modification of the new model is planned as the future work such that the prediction of the 
elastic-plastic deformation of two-dimensional rough surface can be done analytically. 



4.2.3 Topographical change due to repeated rolling contact 

In order to demonstrate the effect of the rolling contact to the asperity and the bulk material, 
the interferences in this simulation are set larger than the critical interference. Two 
interferences, coi = 2 x 10" 2 mm and 02 = 4 x 10" 2 mm, are employed in this model to analyze 
the plastic deformation and the material transfer as well as the contact stress and the 
residual stress during and after the rolling contact. Respectively, these applied interferences 
are nearly 10 times and 20 times higher than critical interference of the contact model 
between the cylinder and flat surface. 

Figure 6 shows the topographical evolution from the initial undeformed, contacted and the 
final deformed asperities due to plastic deformation of rolling contact. The asperity height 
on the rough surface is truncated and some materials are displaced after the rigid cylinder 
rolls over the rough surface. The observation is focused on a single asperity as a 
representative of the rough surface. Surface topographical changes of an asperity after 
several rolling contacts are presented in Fig. 7. 

The change of the asperity height due to rolling contact can be seen on Fig. 7 (a) for coi and 
Fig. 7 (b) for C02. The dashed and solid lines show the situation before and after the rolling 
contact deformation, respectively. The deformation was captured after the unloading of 
each cycle of the rolling contact. The figures exhibit that the first cycle causes the highest 
deformation and it is followed by only slight deformation at the second cycle. There is no 
significance difference on the asperity height after the second cycle which implies that, in 
this case, the steady state deformation is reached. The transition of the running-in of rolling 
contact occurs at the cycle 2. 
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Fig. 7. Surface topographical change of a single asperity due to repeated rolling contact for: 
(a) coi = 2 x 10 2 mm and (b) 02 = 4 x lO 2 mm 

On their FEA of rolling cylinder of a deformable flat, Bijak-Zochowski and Marek (2007) also 
found that the steady state deformation was usually attained within the first two cycles for 
repeated rolling contact. The deformation for the next rolling has a small difference. The 
next discussion of the experimental running-in of rolling contacts, Jamari (2006) also 
reported that the censoring higher asperity of the rough surface is initially high on the first 
ten rolling cycle while Tasan et al. (2007) obviously resumed that the first rolling contact has 
a highest deformation and it is followed by the slight deformation for the next cycles. 
The flattening of the asperities on the first rolling cycle means that the conformity of the 
contact increases during plastic deformation. With the increase of the contact conformity, 
the contact area gets wider, and the contact stress become more homogeneously distribute. 
The increasing conformity and contact area induce the stability of the plastic deformation on 
the asperities. 

Considering the material displacement of the finite element simulation on Fig 7 (a) and (b), 
the material on the summit of the asperity is displaced laterally on the same direction of the 
rolling contact. The discussion of the material displacement is explored on the next section. 
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4.2.4 Stresses of rolling contact 

The observation of the contact stress and the residual stress during and after the first cycle of 
repeated rolling contact for C02 is depicted on Fig. 8 (a) and (b), respectively. These figures 
are captured during and after the first rolling contact. Figure 8 (a) depicts the situation when 
the rigid cylinder is located at the centre of the contacted asperity, which is marked with the 
wide area of von Mises stress distribution while Fig. 8 (b) shows the residual stress after the 
first rolling contact is finished and unloaded. 

The discussion of rolling contact stress is focused on the contacted asperity where the plastic 
deformation is easily noticed on the summit of the asperity and the maximum von Mises 
stress area reaches the surface. When the applied interference below its critical point and the 
deformation still behaves elastically, the highest von Mises stress area is located on the sub 
surface, few distances below the surface. The highest von Mises stress area moves to attain 
the surface as the applied interference is higher than the critical interference. This plastic 
deformation phenomenon was also discussed Jackson and Green (2005) which modelled the 
elastic-plastic static contact between the hemisphere and the rigid flat. Fig 8 (a) also depicts 
the plastic flow when the cylinder rolls over an asperity. The plasticity is formed on the 
right side of the asperity and produces a lateral material displacement as the same direction 
of the rolling motion. 



Contacted 
asperity 




(a) (b) 

Fig. 8. The von Mises stress analysis for ©2 = 4x 10~ 2 mm: (a) during the first rolling contact 
and (b) residual stress after the first rolling contact. 

The von Mises stress of the contact stress and the residual stress are plotted as a function of 
the depth of the rough surface for the three repeated rolling contact, as seen in Figure 9 (a) 
and (b), respectively. In Fig. 9 (a), the behaviour of the stress distribution on the surface of 
the three repeated rolling contact only has a slight difference but at the subsurface of the 
asperity until the bulk material, the second and third rolling contact has a lower von Mises 
stress. The stress decreases after the first rolling contact and it is predicted that the material 
become harder due to strain hardening behavior. Kadin, et al. (2006) which studied the 
multiple loading-unloading of a spherical contact also reported the stability of plasticity 
distribution on the second loading-unloading contact. The linear strain hardening behavior 
was pointed as the causes of this phenomenon. 
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After the rolling cylinder is unloaded for each rolling contact, the stress distributions are 
captured again for analyzing the residual stress. Figure 8 (b) shows that the highest residual 
stress is found on the flattened asperity summit. Based on Fig. 9 (b) which depicts the 
residual stress as a funtion of the depth by using the von Mises criteria, the curves of three 
repeated rolling contact is nearly coincided after depth reaches 0.15 mm. The maximum of 
the residual stress, located on the asperity summit, from the first until the third rolling 
contact is increase from 179.7 MPa, 220.8 MPa and 248.8 MPa, respectively. The increase of 
the residual stress is a consequence of the strain hardening behavior on plastic the 
deformation. The material strain hardening on the summit of asperity has a protective effect 
in reducing further plastic deformation and induces a stability of the deformation after the 
first rolling contact. 
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Fig. 9. von Mises Stress analysis (a) during rolling contact and (b) residual stress after the 
rolling contact finish. 

The strength and expected life of mechanical components can be influenced by residual 
stress due to its effect on contact fatigue and wear (Bijak-Zochowski and Marek, 2007). 
Nelias and his co-workers (2006), assumed that the volume of material will detach from the 
surface after very few cycles. The detachment of the material occurs when the equivalent 
plastic strain found after unloading, located at the surface, exceeds a threshold value. Nelias 
et al. (2006) determined that the threshold value of the equivalent plastic strain is 0.2 %. In 
this present model, the maximum residual stress is found on the summit of the asperities 
which able to lead the detachments. The investigation are planed in the future for analizing 
the wear and the equiavalent plastic strain by combining the FEA model and Nelias et al. 
model (2006). 



4.2.5 Comparison with the repeated static contact 

Jamari (2006) reported three methods in repeated contact on the rough surface for observing 
the topographical change: (a) repeated static contact; (b) repeated moving contact; and (c) 
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repeated rolling contact. The proposed elastic-plastic contact model of Jamari and Schipper 
(2006) could predict the three types of the repeated contact quite well. In the case of free or 
pure rolling contact, it does not contain a tangential force. Therefore, it is reasonable that 
this type of motion can be modeled by multiple-indentation of one body to another body 
without changing the indentation position. 

A comparison between the repeated rolling contact and the repeated static contact is 
discussed to show the difference of the topographical change for the both mechanisms. The 
topographical change of a single asperity due to repeated static contact is depicted in Fig. 10. 
It shows the symmetrical material displacement on the both side of the asperity, whereas in 
the repeated rolling contact, the asymmetrical material displacement is found with the 
majority of the material is displaced at the same direction of the rolling, as seen in Fig 7 (a) 
and Fig 7 (b). The deformed asperity on the repeated static contact shows that the centre of 
the asperity summit has larger deformation than its edge whereas on the repeated rolling 
contact the deformation is almost flat from the edge and centre of the asperity. 
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Fig. 10. The surface topographical change due to repeated static contact for a single asperity 
for 6)2 = 4 x 10" 2 mm 

The von Mises stress distribution of the repeated static contact for co 2 is shown in Fig. 11 (a) 
for the stresses during first loading and in Fig. 11 (b) for residual stress after the first 
unloading. It can be seen on the Fig. 11 (a) that the cylinder is in contact with three asperities 
and the highest contact stress takes place on the middle asperity. The centre of the middle 
asperity deformation due to repeated static contact is observed in Fig. 10. The concave shape 




Fig. 11. The von Mises Stress analysis for o)2 = 4x 10~ 2 mm: (a) during first static contact and 
(b) residual stress after the first static contact finish. 



Topographical Change of Engineering Surface due to Running-in of Rolling Contacts 



147 



on the asperity surface is formed as the consequences of the highest contacted stress on the 
centre of the asperity. In Fig. 11 (b) the residual stress is found on the summit of the asperity 
and on the some area in bulk material, especially on the sharp valley of the rough surface. 
On the centre of the middle asperity, both of the contacted stress and residual stress on the 
repeated static contact perform symmetrical stress distribution. 

5. Running-in of rolling contact experiments 

Two running-in of rolling contact experiments of Jamari (2006) and Tasan et al. (2007) are 
presented in this section. There are two goals in discussing the experiments of running-in of 
rolling contact. First, the experiments are used to validate the running in model of Jamari 
(2006) which has been explored on the previous section. Second, the experiments are 
employed for investigating the change of the surface topography due to running-in of 
rolling contact at the lateral and longitudinal of rough surface direction. 
The running-in of rolling contact experiments are conducted on the measurement setup 
where the details of the arrangement of the setup are presented in Fig. 12(a). The spherical 
indenter (ball specimen) is held by the clamping unit. The loading arm and the rotating table 
are positioned on the X-Y table such that the spherical indenter is located on one side of the 
disk, whilst the interference microscope is positioned on the other side of the disk and 
stands separately from the X-Y table. Figure 12(b) depicts the detail of ball holder and the 
position of the ball specimen. 



Interference 




Clamping unit 



Bail specimen 



(a) (b) 

Fig. 12. (a) The main view of semi on-line measurement of running-in rolling contact and 
(b) the rolling ball specimen and the holder (Jamari, 2006) 

Silicon carbide ceramic balls SiC (H = 28 GPa, E = 430 GPa and v = 0.17) with a diameter of 
6.35 mm were used as hard spherical indenter s. The center line average roughness Ra of the 
ceramic ball of 0.01 mm was chosen to comply with the assumption of a perfectly smooth 
surface. Elas tie-perfectly plastic aluminium (H = 0.24 GPa, E = 752 GPa and v = 0.34) and 
mild-steel (H = 3.55 GPa, E = 210 GPa and v = 0.3) were used for the rough flat surface 
specimens. The center line average roughness of the flat specimens varied from 0.7 to 2 mm. 
Results of the rolling contact experiment, along with the model prediction for the 
aluminium and mild-steel surfaces are presented in Fig. 13 (a) and (b), repsectively. It can be 
seen that the change of the surface deformation for each number of rolling contact reaches 
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Fig. 13. Profile of the matching and stitching result across the direction of rolling of (a) 
aluminium surface at y = 160 mm and (b) mild-steel surface at y = 158 mm (Jamari, 2006) 
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Fig. 14. Profiles across the direction of rolling for (a) lateral and (b) longitudinal roughness 
as the function of the number of rolling cycles (Tasan, et al, 2007) 

its highest gap on the first 10 cycles. There is only slight difference on the surface 
topographical change for each number of rolling contact after the first 10 cycles. Hsu et al. 
(2005) concluded that as the contact progresses to a nearly steady-state operation, the 
surface roughness of the tribocontacts becomes less variable. The model predicts the 
surface topographical change at cycle n = 3 for the aluminium surface and at cycle n = 4 
for the mild-steel surface. The proposed model performs a rational agreement with the 
experiments for the mentioned number of rolling contact. However, on the set-up of the 
rolling contact experiment, the slight presence of slip is can not be avoided where its 
appearance can switch the pure rolling contact motion to the rolling contact with slip or 
rolling-sliding contact. 
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Compares to the Jamari's experiments, the investigations of Tasan et al (2007) on the 
topographical change after rolling contact between an SiC ball in contact with a rough mild 
steel disk (DIN 100MnCrW4) are presented. A semi on-line measurement setup was utilized 
to perform rolling contact experiments where the detail description can be found in (Tasan, 
2005). Figure 14 depicts the topographical change of the surface on (a) the lateral direction 
and (b) the longitudinal direction due to running-in of rolling contact. On the lateral and 
longitudinal direction of this case, it is found that the rough surface deformed plastically on 
the contacted area at the first five cycle, where the largest deformation occurred on the first 
cycle, and then the deformation decreases and reaches its steady state. The experiments also 
exhibit the running-in phase of the rolling contact and followed by the steady state phase 
afterward. 

In finite element simulation in Fig. 7(a), it also performs the lateral material displacement 
due to rolling contact experiments. The lateral displacement can be happen when there is 
some space for the material to be removed plastically. In repeated rolling contact, the 
displacement indicates that the plastic deformation is more dominant in topographical 
change on the asperity level rather than material removal due to wear mechanisms. 

6. Concluding remarks 

The studies of topographical change due to running-in of rolling contact are presented in 
this book chapter analytically, experimentally and numerically. A running-in model of 
rolling contact by considering the deterministic contact of the engineering surface has been 
proposed. The proposed model of running-in of rolling contact performs a good agreement 
with the experiments. Finite element simulations of two-dimensional rolling contact model 
contribute in illustrating the truncation on the asperity summit, the contact stress and the 
residual stress due to plastic deformation. The comparison of the repeated static contact and 
the repeated rolling contact leads un-similarity in material transfer direction and asperity 
deformation. 

As the critical effect of the surface topography on the running-in stage for prolonging the 
lifespan of the contacted mechanical components, this investigation can contribute in 
predicting the initial, the change, and the final of the surface topography for a success 
running-in stage. Running-in plays an important role in plastic deformation, friction and 
wear of tribology systems during the steady-state period. Ignoring the running-in aspects 
means overlooking the important clues to the evolution of conjoint processes which leads to 
the final long-term steady-state friction and wear behavior. 
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1. Introduction 



In water jetting technology, a high-velocity stream of water is used for cleaning and cutting 
purposes. Modern water jetting technology has a history of more than forty years and has 
been used in a wide range of practical applications. These include machining and 
manufacturing, stone cutting, demolition work, surface preparation, rock and soil 
excavation, mining, agriculture, food treatment, and medical applications. In ordinary 
cutting processes using a water jet, water is usually pressurized up to 300 to 400 MPa by a 
high-pressure pump. Friction and wear between the cylinder and the piston are important 
problems that have significant influence on the efficiency, reliability, and lifetime of the 
high-pressure pump. Corrosion and erosion in valves and nozzles are serious problems that 
affect the reliability of the water jetting system. The primary material removal mechanism of 
pure water jets is erosion generated by water droplet impingement. Erosion by solid particle 
impingement is the material removal mechanism of abrasive water jet machining. 
Equipment for water jet processes and the mechanisms of cleaning and cutting by water jets 
are directly related to tribology. In this chapter, a brief review of water jetting technology 
related to tribology is presented. The review describes the history of water jetting 
technology, high-pressure pumps and water jet machining systems, various water jets used 
in water jet processes, and the material removal mechanisms of water jets. 

2. History of water jetting technology 

Water jetting technology has its origin in hydraulic mining, in which a high-speed water 
stream is used to break up soil and rock, and can be traced back to the end of the nineteenth 
century. Hydraulic mining was used in gold production in California from 1853 to 1886 
(Summers, 1984). However, modern water jetting technology may be traced directly to the 
development of the high-pressure pump in the 1960s. According to Summers (1984), Franz 
et al. developed a prototype system for cutting material at pressures of up to 400 MPa and 
found that high-speed water jets could be used to cut through wood products at relatively 
high cutting speeds. Imanaka et al. (1972) developed a high-pressure pump in the early 
1960s and conducted cutting tests on various materials at jetting pressures of up to 1,000 
MPa. On the other hand, studies on the material removal mechanism of the impingement of 
water droplets began in the 1950s with studies on rain erosion of aircraft components. 
Springer (1976) published a comprehensive survey on erosion associated with liquid impact. 
The development of the high-pressure pump and the clarification of the material removal 
mechanism of water droplets has attracted growing interest in high-speed water jet 
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applications. In 1972, the British Hydromechanics Research Association (BHRA), currently 
BHR Group Ltd., held the 1 st International Symposium on Jet Cutting Technology, and this 
symposium has been held biannually since its inception. 

The main areas of research in water jetting technology during the 1970s were cutting by 
pure water jets and excavation of rock and soil connected with mining and civil engineering. 
In 1982, four papers on abrasive water jet cutting were presented at the 6 th International 
Symposium on Jet Cutting Technology. In a conventional abrasive water jet system, an 
abrasive water jet is formed by entraining abrasive particles into a high-speed water jet 
stream in a tubular abrasive nozzle. This abrasive water jet is referred to as the abrasive 
water injection jet, the abrasive injection jet (AIJ), or simply the abrasive water jet. Since 
abrasive water jets can cut hard materials such as metals, ceramics, concrete, and rocks at 
practical cutting speeds, applications of water jetting technology in manufacturing, civil 
engineering, and construction have expanded rapidly. In 1986, Fairhurst et al. (1986) 
reported an abrasive water jet system of a different type, which is now referred to as the 
abrasive water suspension jet, the abrasive suspension jet (ASJ), or the abrasive slurry jet. 
The abrasive suspension jet has been shown to have a greater capacity for drilling and 
cutting than the conventional abrasive water jet (Brandt et al., 1994). However, there are a 
number of problems that remain to be solved before widespread application of the abrasive 
suspension jet system can be realized. For instance, the development of a reliable and long- 
life high-pressure slurry valve is necessary. Abrasive suspension jet systems are used in fire 
fighting and rescue operations (Holmstedt, 1999; Inoue et al., 2008) as well as semiconductor 
manufacturing (Jiang et al., 2005). Recently, a number of innovative water jetting 
technologies have been proposed, e.g., liquefied gas jets, ultra-high-pressure pumps that 
realize pressures exceeding 600 MPa, and a five-axis water jet machining system. Water 
jetting technology has made steady progress, and applications of water jetting technology 
continue to expand in various industries. 

3. High-pressure pump and water jet machining system 

Two types of pump are commonly used in the water jet industry, namely, the direct drive 
plunger pump and the intensifier pump. At pressures lower than 150 MPa, the direct drive 
plunger pump is the most commonly used type. In a typical triplex pump, three plungers 
are equally arranged about a crankshaft at 120-degree increments, and the plungers move 
backward and forward in the cylinders. At pressures higher than 150 MPa, the intensifier 
pump is used as a pumping unit. A typical circuit of an intensifier pump system is shown in 
Figure 1 (Ibuki et al., 1993). The intensifier is a reciprocating pump in which the piston 
assembly consists of a large-diameter piston and small-diameter plungers at both ends. 
Hydraulic oil pushes against the larger-diameter piston, and the smaller plunger generates 
higher pressure on the water contained in the cylinder. Since the typical area ratio of the 
plunger and the piston is 1:20, the intensification ratio of pressure is 20:1. When the oil 
pressure is 20 MPa, the resultant water pressure becomes 400 MPa. In the water jet 
machining industry, pressures of 300 to 400 MPa are commonly used. In order to obtain 
higher cutting speeds and reduce abrasive consumption, ultra-high-pressure water jet 
machining systems at working pressures of 400 to 700 MPa have been used in practical 
applications. A two-stage intensifier pump system is proposed in order to reduce dynamic 
loading and obtain longer system lifetimes for ultra-high-pressure water jet machining 
systems (Koerner et al., 2002). 
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Fig. 1. Circuit of the intensifier pump (Ibuki et al., 1993) 




Fig. 2. Modern five-axis water jet machining system and sample part manufactured by the 
system (Sugino Machine Ltd., 2007) 

XY tables are the most common forms of water jet machining motion equipments. These 
machines are used for two-dimensional cutting. With recent advances in control and motion 
technology, five-axis water jet machining systems have been used practically. An example of 
the latest five-axis water jet machining system and a sample part manufactured using this 
system are shown in Figure 2 (Sugino Machine Ltd., 2007). In addition to the X (back/ forth), 
Y (left/ right), and Z (up/ down) axes, two degrees of freedom are added to the nozzle 
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movement, namely, the angle from the perpendicular and rotation around the Z-axis. In the 
case of two-dimensional cutting, more accurately manufactured parts can be produced at 
higher cutting speeds by the five-axis machine. Three-dimensional complex shapes can be 
produced by the five-axis machine in single-pass operation. 

4. Various water jets and material removal mechanisms 

High-velocity-water jets used in water jet processes can be categorized according to the 
environment around the jet, the fluid medium, and the jetting regime, as shown in Figure 3 
(Shimizu, 2003). Depending on the environment around the jet, water jets are classified as 
either water jets in air or submerged water jets. The submerged water jets are further 
classified as cavitating jets or non-cavitating jets, depending on the jetting and ambient 
pressures. In ordinary pressure levels of water jet processes, cavitation occurs in the region 
of high shear at the boundary between the jet and the surrounding water. Depending on the 
fluid medium, water jets are categorized as either pure water jets or abrasive water jets. In 
some cases of pure water jets, water-soluble polymeric additives are added in order to 
reduce the friction in the plumbing and improve the compactness of the jet issuing from the 
nozzle. Abrasive water jets are classified as either abrasive injection jets (AIJs) or abrasive 
suspension jets (ASJs) based on the generation mechanism and the phase composition. 
Abrasive injection jets are solid-air-liquid three-phase jet flows, and ASJs are solid-liquid 
two-phase jet flows. With respect to the jetting regime, water jets can be classified as 
continuous water jets or discontinuous water jets. Although all high-velocity water jets 
generate a discontinuous phase during impact, continuous water jets are considered to be 
water jets that are not broken up artificially by external mechanisms. The structures of the 
jets and the material removal mechanisms are differ according to the combination of these 
three factors. In addition to these three factors, nozzle shape also affects the flow structure 
of the jet. The most common nozzles have a circular cross section, and the water jets issued 
from such nozzles become round jets. Nozzles that can form a fan shaped water jet are often 
used to clean large areas. This type of nozzle is referred to as a fan jet nozzle. In the 
following, we consider only round jets. 

4.1 Pure water jets 

The most common water jets used in water jetting processes are continuous pure water jets 
in air issued from a nozzle having a circular cross section. This type of water jet is widely 
used in water jetting industries for cleaning, surface preparation, and cutting of soft 
materials. A schematic diagram of a high-seed water jet in air is shown in Figure 4 (Yanaida 
and Ohashi, 1980). The jet consists of three regions, namely, the initial region, the main 
region, and the final region. In the initial region, the stagnation pressure is considered to be 
the same as that at the nozzle exit, and the initial region length is determined from 
extrapolation of the decrease in the stagnation pressure. In the main region, the axial 
velocity of water is considered to be constant, irrespective of the axial distance from the 
nozzle exit. The breakup length exists in the main region. The continuous structure of the 
water jet disintegrates at the breakup length, and the jet becomes a droplet flow composed 
of water lumps and droplets surrounded by fine droplets. The velocities of the water lumps 
and relatively large droplets remain unchanged in the main region. In the final region, the 
decrease in the water droplets velocities becomes noticeable as the droplets break up into 
finer droplets. 
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Fig. 3. Division of water jets (Shimizu, 2003) 

When we consider a water jet impacting a solid material, two different pressures are 
considered to occur at the point of impact. If a continuous jet impinges on a solid material, 
then the jet stagnation pressure p s is generated at the impact point. If a water lump or 
droplet impinges on a solid material, then the water hammer pressure p w is generated at the 
instant of impact. The stagnation pressure p s and the water hamper pressure p w are given by 
the following equations: 

Ps = pvi/2 (1) 

Pw = pcv (2) 

where p is the density of water, c is the velocity of sound in water, and v is the velocity of 
water. Since the velocity of sound in water at normal temperature and atmospheric pressure 
is approximately 1,500 m/s, the water hammer pressure p w is much larger than the 
stagnation pressure p s under ordinary impact conditions. 

The condition of impact, i.e., whether a stream of water impinges continuously or water lumps 
and droplets impinge intermittently, affects the pressure generated at the impact point. If the 
pressure generated at the impact point is larger than the strength of material such as the yield 
strength, material removal occurs at the impact point. Accordingly, material removal by a pure 
water jet is significantly affected by the flow structure of the jet. In general, sharp cutting by a 
pure water jet is conducted in the initial region, and massive material removal over a wide 
area is realized in and around the region in which jet breakup occurs. 

Since the water hammer pressure is much larger than the stagnation pressure, discontinuous 
water jets generated by some external mechanisms have much larger destructive power than 
continuous water jets. Vijay and Foldyna (1994) developed a forced pulsed water jet nozzle 
containing a vibrating tip. The tip is forced to vibrate at high frequency by an ultrasonic 
piezoelectric or magnetostrictive transducer. Figure 5 (Yan, 2007) shows a photograph of the 
fully developed forced pulsed water jet taken with a Nd-YAG laser. Mushroom shaped 
water lumps are generated in the jet. The material removal capability by the forced pulsed 
water jet at the standoff distance, at which distinct water lumps are formed, is much larger 
than material removal capability of ordinary continuous water jets. 

When a high-velocity water jet is injected in a submerged environment, a free shear layer is 
established around the jet, and this layer grows in thickness as the jet emerges from the 
nozzle. The shear layer quickly becomes unstable, breaks down into turbulent motion and 
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Fig. 4. Structure of a water jet in air (Yanaida and Ohashi, 1980) 




Fig. 5. Photograph of a fully developed forced pulsed water jet (Yan, 2007) 

starts to spread, entraining surrounding water. In an ordinary submerged environment, 
cavitation occurs in the region of high shear at the boundary between the jet and the 
surrounding water. Cavitation around the jet suppresses the deceleration of the jet and 
produces cavitation erosion by the collapse of cavitation bubbles. Accordingly, cavitation 
around the jet significantly affects the material removal characteristics of submerged water 
jets. The parameter similitude in cavitation is defined by the cavitation number a as follows: 



(pa-pv)/ (Pi-pa) 



(3) 



where p a , pi, and p v are the ambient pressure, the injection pressure, and the vapor pressure of 
water, respectively. The cavitation number a measures the resistance of the flow to cavitation. 
The lower the cavitation number, the more likely cavitation is to occur. If cavitation occurs, 
lowering the cavitation number will increase the extent of cavitation, i.e., the number and size 
of vapor bubbles will increase. Figure 6 shows an example of an instantaneous photograph of 
a cavitating jet at pi = 69 MPa and a = 0.006. The nozzle diameter is 0.5 mm. Since the jet is 
illuminated from behind, the cavitation clouds appear to be black. The cavitation clouds are 
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continuous near the nozzle exit but separate and develop into lumps as they travel with the jet. 
Shimizu et al. (1998) conducted erosion tests using submerged water jets at injection pressures 
ranging from 49 to 118 MPa and cavitation numbers ranging from 0.006 to 0.022. Since the jet 
decelerates faster under a submerged environment, material removal by jet impingement is 
restricted in the region near the nozzle exit, as compared to jets in air. In addition to high- 
speed jet impingement, cavitation erosion is an additional material removal mechanism in the 
submerged environment. Cavitating jets are used for cleaning and shot-less peening (Soyama 
et al., 2002) in the water jetting industry. 




Fig. 6. Cavitating jet at pi = 69 MPa and o = 0.006 (flow direction is from left to right) 

4.2 Abrasive jets 

The material removal capability of abrasive water jets, in which abrasive particles are added 
to the water stream, is much larger than the material removal capability of the pure water 
jets. In an abrasive water jet, the stream of the water jet accelerates abrasive particles, which 
erode the material. The material removal capability of the water is slight in abrasive water 
jet processes. The impact of single solid particles is the basic material removal mechanism of 
abrasive water jets. Meng and Ludema (1995) defined four mechanisms by which solid 
particles separate material from a target surface, as shown in Figure 7 (Momber and 
Kovacevic, 1998). These mechanisms are cutting, fatigue, brittle facture, and melting, which 
generally do not work separately, but rather in combination. The importance of these 
mechanisms for a particular erosion process depends on several factors, such as the impact 
angle, the particle kinematic energy, the particle shape, the target material properties, and 
the environmental conditions. 

Abrasive water jets can be classified as abrasive injection jets (AIJs) or abrasive suspension 
jets (ASJs), as stated earlier. Abrasive injection jets are formed using the nozzle head shown 
in Figure 8. A high-speed water jet is injected through the nozzle head. The diameter of the 
water jet nozzle is typically 0.2 to 0.4 mm. The high-speed water jet stream creates a 
vacuum, which draws abrasive particles into the mixing chamber along with air. The water 
jet stream accelerates the abrasive particles and air in the mixing tube, which is typically 0.5 
to 1.5 mm in diameter. The cutting width of the AIJs depends on the diameter of the mixing 
tube and the standoff distance. For a mixing tube of 1.0 mm in diameter and the standoff 
distance of 3 to 5 mm, the cutting width is approximately 1.2 mm. 

The three-phase jet flow discharged from the mixing tube consists of abrasive particles, 
water, and air. The material removal capability of the AIJ formed by a certain nozzle head 
(the dimensions and shape of the nozzle head are fixed) is affected by the pump pressure 
and the type and mass flow rate of abrasive. In general, the higher the pump pressure, the 
greater the material removal capability. When the abrasive flow rate is relatively small, the 
material removal capability increases with the abrasive mass flow rate, because the higher 
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Fig. 7. Mechanisms of material removal by solid particle erosion (Momber and Kovacevic, 
1998) 

the abrasive mass flow rate, the higher the number of abrasive particles involved in the 
cutting processes. On the other hand, when too many abrasive particles are supplied to the 
nozzle head, the kinematic energy of the single abrasive particles tends to decrease because 
of the limited kinematic energy of the water jet. Thus, there exists an optimum abrasive 
mass flow rate. In addition, an uneven abrasive supply to the nozzle head can cause violent 
pulsation in AIJs. Shimizu et al. (2009) conducted high-speed observations of AIJs using 
high-speed video. Figure 9 shows a series of photographs of an AIJ issuing from the nozzle 
head at an injection pressure of 300 MPa and a time averaged abrasive mass flow rate of 600 
g/min. The time interval between frames is 12.29 us, and the flow direction is downward. 
Frame numbers are indicated at the top of each photograph. At frame number 1, the jet 
spreads radially just downstream of the mixing nozzle exit. As time proceeds, the hump of 
the jet develops into a large lump and moves downstream while growing in the stream-wise 
direction. As the lump leaves the mixing nozzle exit at frame number 10, another hump of 
the jet appears just downstream of the mixing tube exit. Observations of the flow conditions 
in the abrasive supply tube just upstream of the mixing chamber of the abrasive nozzle head 
were also conducted. Based on image analysis of the video, Shimizu et al. concluded that the 
pulsation of an AIJ at a frequency of less than 100 Hz is closely related to the fluctuation of 
the abrasive supply. 

Wearing of the mixing tube is a serious problem in abrasive water jet machining. In the early 
days of abrasive water jet machining, the lifetime of a mixing tube constructed of standard 
tungsten carbide was only approximately five hours. However, advances in anti-wear 
materials technology have extended the lifetime of the mixing tube to 100 to 150 hours. 
In contrast to the abrasive injection jets, abrasive suspension jets are solid-liquid two-phase jet 
flows. As shown in Figure 10, abrasive suspension jets are classified into two systems 
according to the generation mechanism (Brandt et al., 1994), namely, the bypass system and 
the direct pumping system. In the bypass system, part of the water flow is used to draw the 
abrasive material out of the storage vessel and to mix it back into the main water flow line. In 
the direct pumping system, the pre-mixed slurry charged in a pressure vessel is pressurized by 
high-pressure water. An isolator is used to prevent mixing of the slurry and the water. 
In the case of the AIJ, the addition of abrasive particles increases the jet diameter and 
decreases the jet velocity. The velocity of the ASJ discharged from the nozzle is 0.90 to 0.95 
times the theoretical jet velocity calculated by Bernoulli's equation assuming the loss in the 
nozzle to be zero (Shimizu, 1996). Moreover, a compact ASJ can be formed if a suitable 
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Fig. 9. Sequential photographs of AIJ,injection pressure: 300 MPa, abrasive mass flow rate: 
600 g/min, abrasive: #80 garnet (Shimizu et al., 2009) 

nozzle shape is adopted. It is also possible to form an ASJ with a very high abrasive 
concentration, such as 50 wt%. Accordingly, the abrasive suspension jet has a greater 
capability for drilling and cutting than the abrasive water injection jet. Brandt et al. (1994) 
compared the cutting performances of the ASJ and the AIJ under the same hydraulic power 
ranges and the same abrasive mass flow rate. They concluded that the ASJ cuts at least twice 
as deep as the AIJ at the same hydraulic power. A micro-abrasive suspension system with a 
nozzle diameter of 50 um was also developed (Miller, 2002). Since a cutting width of 60 to 70 
um can be realized using such a system, applications in micro-machining and 
semiconductor industries are expected. 

In the ASJ system, a convergent nozzle followed by a constant diameter straight passage 
(focusing section) of suitable length is generally used. Since abrasive- water slurry flows at 
high-speed in the nozzle, slurry erosion of the nozzle is a serious problem. Therefore, in 
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order to reduce nozzle wear, the outlet of the convergent section and the focusing section 
are constructed of wear resistance materials, such as sintered diamond. In order to 
investigate the effects of the wear of the nozzle focusing section on the material removal 
capability of the jet, an experimental nozzle was used to perform drilling tests (Shimizu et 
al., 1998). The outlet of the convergent section was constructed of sintered diamond, and the 
focusing section was constructed of cemented carbide. The drilling tests were conducted at a 
jetting pressure of 11.9 MPa with specimens of stainless steel and #220 aluminum oxide 
abrasive. Figure 11 shows the variation of drilling pit depth with standoff distance for a 
jetting duration of 60 s. The numbers in the figure are the order of the tests. The cross section 
of the nozzle after the drilling tests is shown in Figure 12. The total jetting duration was 780 
s. The focusing section (indicated by the arrow) is worn, and the wear of the focusing section 
causes a serious reduction in drilling capability, as shown in Figure 11. 
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Fig. 12. Nozzle after drilling tests, jetting pressure: 11.9 MPa, abrasive of aluminum oxide 
mesh designation of #220 (Shimizu et al., 1998) 

5. Conclusion 

Friction and wear between the cylinder and the piston of high-pressure pumps used in the 
water jetting processes are important problems greatly influence the efficiency, reliability, 
and lifetime of the high-pressure pump. Corrosion and erosion in valves and nozzles are 
serious problems that affect the reliability of water jetting systems. Erosion by water droplet 
impingement is the material removal mechanism of pure water jets, and erosion by solid 
particle impingement is the material removal mechanism of abrasive water jet machining. 
Knowledge of tribology is indispensable in order to realize more reliable and more efficient 
water jet machining systems. 
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1. Introduction 

The elastic-plastic contact of a flat and an asperity which shape is a sphere or an ellipsoid is 
a fundamental problem in contact mechanics. It is applicable in tribological problems arising 
from the points of contact between two rough surfaces, such as gear teeth, cam and follower 
and micro-switches etc. Indeed, numerous works on the contact of rough surfaces were 
published so far (see review by Liu et al.). Many of these works are based on modeling the 
contact behavior of a single spherical asperity, which is then incorporated in a statistical 
model of multiple asperity contact. Based on the Hertz theory, the pioneering work on 
contact models of pure elastic sphere was developed by Greenwood and Williamson (GW) . 
The GW model used the solution of the frictionless contact of an elastic hemisphere and a 
rigid flat to model an entire contacting surface of asperities with a postulated Gaussian 
height distribution. The basic GW model had been extended to include such aspects as 
curved surfaces (by Greenwood and Tripp), two rough surfaces with misaligned asperities 
(by Greenwood and Tripp) and non-uniform radii of curvature of asperity peaks (by 
Hisakado). Abbott and Firestone introduced the basic plastic contact model, which was 
known as surface micro-geometry model. In this model the contact area of a rough surface is 
equal to the geometrical intersection of the original undeformed profile with the flat. Based 
on the experimental results, Pullen and Williamson proposed a volume conservation model 
for the fully plastic contact of a rough surface. 

The works on the above two models are suitable for the pure elastic or pure plastic 
deformation of contacting spheres. In order to bridge the two extreme models, elastic and 
fully plastic, Chang et al. (CEB model) extended the GW model by developing an elastic- 
plastic contact model that incorporated the effect of volume conservation of a sphere tip 
above the critical interference. Numerical results obtained from the CEB model are 
compared with the other existing models. In the CEB model, there is no transition regime 
from the elastic deformation to the fully plastic deformation regime. These deficiencies 
triggered several modifications by other researchers. Zhao et al. (the ZMC model) used 
mathematical smoothing expressions to incorporate the transition of the contact load and 
contact area expression between the elastic and fully plastic deformation regions. Kogut and 
Etsion (KE model) performed a finite element analysis on the elastic-plastic contact of a 
deformable sphere and a rigid flat by using constitutive laws appropriate to any mode of 
deformations. It offered a general dimensionless relation for the contact load, contact area 
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and mean contact pressure as a function of contact interferences. Jackson and Green had 
done recently a similar work. In this work, it accounted for geometry and material effects, 
which were not accounted for in the KE model. Jackson et al. presented a finite element 
model of the residual stresses and strains that were formed after an elastoplastic 
hemispherical contact was unloaded. This work also defines an interference at which the 
maximum residual stress transitions from a location below the contact region and along the 
axis of symmetry to one near to the surface at the edge of the contact radius (within the 
pileup). 

The aforementioned models deal with rough surfaces with isotropic contacts. However, 
rough surface may have asperities with various curvatures that the different ellipticity ratios 
of the micro-contacts formed. Bush et al. treated the stochastic contact summits of rough 
surfaces to be parabolic ellipsoids and applied the Hertzian solution for their deformations. 
McCool took account of the interaction between two neighboring asperities and modelled 
the elastic-plastic contact of isotropic and anisotropic solid bodies. Horng extended the CEB 
model to consider rough surfaces with elliptic contacts and determined the effects of 
effective radius ratio on the microcontact behavior. Jeng and Wang extend the Horng 7 s 
work and the ZMC model to the elliptical contact situation by incorporating the elastic- 
plastic deformation effect of the anisotropy of the asperities. Chung and Lin used an elastic- 
plastic fractal model for analyzing the elliptic contact of anisotropic rough surfaces. 
Buczkowski and Kleiber concentrated their study on building an elasto-plastic statistical 
model of rough surfaces for which the joint stiffness could be determined in a general way. 
Lin and Lin used 3-D FEM to investigate the contact behavior of a deformable ellipsoid 
contacting with a rigid flat in the elastoplastic deformation regime. The above works 
provided results for the loaded condition case. Calculations of the stress distribution at the 
points of the compression region only under normal load within the ellipse of contact were 
dealt with in a number of works. The combined action of normal and tangential loads was 
also discussed in some works whose authors examined the stress conditions at points of an 
elastic semi-space. However, the above-mentioned works just discussed the distribution of 
stresses under the elliptical spot within the elastic deformation regime. The distribution of 
stresses within the elastoplastic deformation regime was still omitted. Chung presented a 
finite element model (FEM) of the equivalent von-Mises stress and displacements that were 
formed for the different ellipticity contact of an ellipsoid with a rigid flat. 

2. Important 

The present chapter is presented to investigate the contact behavior of a deformable ellipsoid 
contacting a rigid flat in the elastoplastic deformation regime. The material is modeled as 
elastic perfectly plastic and follows the von-Mises yield criterion. Because of geometrical 
symmetry, only one-eighth of an ellipsoid is needed in the present work for finite element 
analysis (FEA). Multi-size elements were adopted in the present FEA to significantly save 
computational time without losing precision. The inception of the elastoplastic deformation 
regime of an ellipsoid is determined using the theoretical model developed for the yielding of 
an elliptical contact area. k e is defined as the ellipticity of the ellipsoid before contact, so the 
contact parameters shown in the elastoplastic deformation regime are evaluated by varying 
the k e value. If the ellipticity (k) of an elliptical contact area is defined as the length ratio of the 
minor-axis to the major-axis, it is asymptotic to the Rvalue when the interference is sufficiently 
increased, irrespective of the k e value. The ellipticity (k) of an elliptical contact area varies with 
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the k e parameter. The k values evaluated at various dimensionless interferences and two 
fevalues (fe=l/2 and fc=l/5) are presented. Both interferences, corresponding to the inceptions 
of the elastoplastic and fully plastic deformation regimes, are determined as a function of the 
ellipticity of the ellipsoid (k e ). 

The work also presents the equivalent von-Mises stress and displacements that are formed 
for the different ellipticities. According to the results of Johnson, Sackfield and Hills, the 
severest stress always occurs in the z-axis. In this work, we can get the following result: the 
smaller the ellipticity of the ellipsoid is, the larger the depth of the first yield point from the 
ellipsoid tip happens. The FEM produces contours for the normalized normal and radial 
displacement as functions of the different interference depths. The evolution of plastic 
region in the asperity tip for a sphere (fc=l) and an ellipsoid with different ellipticities 
(k e =l/2 and k e =l/5) is shown with increasing interferences. It is interesting to note the 
behavior of the evolution of the plastic region in the ellipsoid tip for different ellipticities, k e , 
is different. The developments of the plastic region on the contact surface are shown in more 
details. When the dimensionless contact pressure is up to 2.5, the uniform contact pressure 
distribution is almost prevailing in the entire contact area. It can be observed clearly that the 
normalized contact pressure ascends slowly from the center to the edge of the contact area 
for a sphere (k e =l), almost has uniform distribution prevailing the entire contact area for an 
ellipsoid (k e =l/2), and descends slowly from the center to the edge of the contact area for an 
ellipsoid (k e =l/5). The differences in the microcontact parameters such as the contact 
pressure, the contact area, and contact load evaluated at various interferences and two k e 
values are investigated. 

The elastic-plastic fractal model of the elliptic asperity for analyzing the contact of rough 
surfaces is presented. Comparisons between the fractal model and the classical statistical 
model are discussed in this work. Four plasticity indices ( y/ = 0.5, 1, 2, and 2.5 ) for the KE 
(Kogut and Etsion) model are chosen. The topothesy (G) and fractal dimension (D) values, 
which are corresponding to these four plasticity indices in the present model, will thus be 
determined. 

3. Theoretical background 

In the present chapter, Figure 1 shows that a deformable ellipsoid tip contacts with a rigid 
flat. The lengths of the semi-major axis of an ellipsoid and the semi-minor axis are 
assumed to be cR ( 1 < c < oo ) and R , respectively. From the geometrical analysis, the radii 
of curvature at the tip of an ellipsoid, R lx (=c 2 R) and R lz (=R), are obtained, the 
ellipticity of an ellipsoid is defined as k e , and k e = (R lz / R lx y =1/ c = R/ cR . For c = 1 , 
k e = 1 , corresponds to the spherical contact; for c -» oo , k e = , corresponds to the 
cylindrical contact. The simulations by FEM are carried out under the condition of a given 
interference 8 applied to the microcontact formed at the tip of an ellipsoid. Because of 
geometrical symmetry, only one-eighth of an ellipsoid volume is needed in the finite 
element analysis (see Figure 2). At an interference, 8 , an elliptical contact area is formed 
with a semi-major axis, a, and a semi-minor axis, b. The length ratio k is here defined as 
k=b/a, which is called the ellipticity of this elliptical contact area. The material of this 
ellipsoid is modeled as elastic perfectly plastic with identical behavior in tension and 
compression. 
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The contact area of an asperity here is elliptical in shape, having two semi-axis lengths, a 
and b (b<a), in the present study. The eccentricity of the contact ellipse (e) is 
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Define the C parameter as C = (ati) , this parameter has been derived by Johnson [25] as 
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Where R e denotes the effective radius of curvature of an asperity. 
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E in Eq.(l) denotes the effective Young's modulus of two solid contact bodies with the 
Young's moduli, E 1 and E 2 , and the Poisson ratios, v 1 and v 2 , respectively. It is stated as 
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Where F denotes the normal load of an asperity at the Hertz contact area. K(e) and E(e) in the 
formula of F 1 (e) denote the complete first and second elliptic integrals of argument (e), 
respectively. They are expressed by Johnson as 
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The onset of the plastic yield of ductile materials usually occurs when the von Mises' shear 
strain-energy criterion reaches 
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Where J 2 is the maximum value of the second invariant of the deviator stress tensor ( J 2 ) at 
yielding and k is the material yield stress in simple shear. The second invariant of the 
deviator stress tensor can be written as: 



h = ^[( cr i _cr 2) 2 +(^2 -V3) 2 +(^3 -<riY 



(8) 



The Elliptical Elastic-Plastic Microcontact Analysis 



169 



Where <j x , <j 2 , and a 3 are the three principal stresses. In the study of Sackfield and Hills, 
the stress distributions formed by the Hertz contact pressure acting on an elliptical contact 
surface were developed and it was shown that the severest stress always occurs on the z 
axis, and the maximum value of J 2 should occur at a certain point on this axis. The position 
of the point Z can be determined from the solution of the following equation: 






= o 



(9) 



Where Z = z / a is the dimensionless z-coordinate, and Z denotes the Z parameter when 
] 2 has the maximum value at yielding. 

The interference at the initial point of yielding is known as the critical interference, 8 , 
which is derived analytically by using the von Mises yield criterion and given by Lin and 
Lin as 
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The corresponding critical contact area is expressed as 
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Where Y is the yielding stress of the ellipsoid material. K(k,v,Z ) denotes the factor of the 
maximum contact pressure arising at yielding. This factor is expressed as a function of the 
ellipticity of the contact area, k , and the Poisson ratio of a material, v . Z is the location of 
first yielding point on z-coordinate. The derivation of K{k,v,Z ) is shown in Lin and Lin's 
work. Ellipsoid deforms elastically as 8 / 8 ' < 1 . When 8/8 > 1 the ellipsoid is in the 
elastoplastic deformation. 




Before 
deformation 

Deformable 
ellipsoid 



Fig. 1. The contact schematic diagram of a rigid flat with an ellipsoid. 
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4. Finite element model 

In the present work, a commercial ANSYS-8.0 software package is applied to determine the 
elastoplastic regime arising at a deformable ellipsoid in contact with a rigid flat (see figure 
2). There are two ways to simulate the contact problem. The first applies a force to the rigid 
body and then computes the resulting displacement. The second applies a displacement and 
then computes the resulting contact force. The present finite element solution is generated 
under a given interference 5 applied to the contact area formed at the tip of an ellipsoid. 
This method is used because the resulting solution converges more rapidly than the former. 
In order to satisfy the geometrically symmetric condition and to assure that the nodes on the 
boundary of y = are far away from the contact area, the selection of one-eighth of the 
ellipsoidal volume as the simulation domain is made. Several option settings of ANSYS-8.0 
software package have been made to reduce error in finite element calculations. The option 
of a static large displacement is adopted for the calculations in the elastoplastic and fully 
plastic regimes. The choice of the displacement style is based on the stress-strain (or load- 
displacement) behavior exhibited in each of these two deformation regimes. The ellipsoid is 
assumed to be an elastic-perfectly plastic material with identical behavior in tension and 
compression. This assumption was also made in the studies of Kogut and Etsion, and 
Jackson and Green. Frictionless and standard contact was also assumed as in their numerical 
simulations. 

To increase the accuracy and efficiency of computation, one-eighth of an ellipsoid is used. 
Several mesh refinements have been performed to reduce the error in calculating von-Mises 
stress. For this investigation ANSYS element types 10-node, tetrahedron SOLID 92 element 
is selected for this nonlinear contact problem. Three sizes, 0.0005R, 0.0008R, and 0.001R (R: 
the semi-minor radius of ellipsoid), are the smallest element sides in the contact region set 
for ellipsoids with k e =1, 1/2 and 1/5, respectively. In the present numerical model, the 
mesh size was refined according to its distance from the y-axis and the contact area of an 
ellipsoid. The fine mesh size of the volume element near the tip of the ellipsoid is varied in 
order to allow the ellipsoid's curvature to be captured and accurately simulated during 
deformations (see Figure 2). As to the region far away from the y-axis and the contact area, 
different coarser element size can be given in order to save computational time without 
sacrificing the precision of the solutions. As shown in Figure 2, constraints in the x 
directions and z direction are applied to the nodes on the x=0 plane and z=0 plane, 
respectively, while a constraint in y direction is applied on the base (the y=0 plane). The 
boundary condition may be valid for the modeling of asperity contacts for two reasons: (1) 
the asperities are actually connected to a much larger bulk material at the base and will be 
significantly restrained there, and (2) since the high stress region occurs near the contact, the 
boundary condition at the base of the ellipsoid will not greatly effect the solution because of 
Saint Venant's Principle. 

In order to validate the model, mesh convergence must be satisfied. The mesh density is 
iteratively increased until the contact force and contact area differed by less than 1% 
between iterations. In the finite element analyses, the resulting meshes consist of at least 
124572,125714, and 222913 elements correspond to ellipsoids with k e =1, 1/2 and 1/5, 
respectively. These three node numbers are sufficient to obtain the numerical solutions with 
a high precision, compared with the theoretical solutions developed for the elastic 
deformation region. It is found that an excessive increase in the number of elements does 
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not bring a significant improvement in the solution precision. The " contact wizard" in the 
software determines the relationship of the contact pair. The rigid flat is set as "Target", and 
the deformable ellipsoid is set as "Contact". 

In addition to mesh convergence, the present work also compares well with the Hertz 
solution at interference below the critical interference. The numerical solutions for several 
contact parameters with different k e values (k e =l, k e =l/2 and k e =l/5) are listed in Table 1. 
The error between the theoretical and numerical solutions for all contact parameters is 
found to be always less than 1.5%. In the present study, the FKN (contact stiffness) value is 
varied in a range of 10 to 100 in the finite element analyses. Since precise solutions in all 
contact parameters are ensured, the accuracy of the solutions in the elastoplastic and fully 
plastic deformation regimes obtained by the present mesh scheme is ascertainable. 
Furthermore, because k e = 1 represents a spherical contact, the present work compares with 
the results which are obtained by Jackson and Green and shows good agreement. 
Since this contact problem is nonlinear and highly difficult to converge. An iterative scheme 
is used to solve for the solution, the minimum and maximum substeps are set in the range of 
10 to 2000 such that (5/5 )/(substep number) has a value varying in the range of 0.05-0.2. 
This is done to ensure the load increment is sufficiently small at each load step, thus 
improving the convergence behavior and minimizing the Newton-Raphson equilibrium 
iterations required. 



ANSYS 




A: Nodes are restrained 
in the direction perpendicular 
to the z=0 plane. 



B: Nodes are 
restrained in the 
direction perpendicular 
to the x=0 plane, 



C: Nodes are restrained 
in the direction perpendicular 
to they=0 plane. 



Fig. 2. The finite element analysis and the meshed model for simulations. 
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Table 1. The comparison of numerical evaluated results at the critical interference with the 
theoretical solutions in the elastic deformation case 



5. Results and discussion 

The results are presented for a range of interferences, 8 , which are normalized by each 
corresponding critical interference, 8 , from 1 to 120 for a sphere, 1 to 100 for an ellipsoid 
( k e =1/2) and 1 to 70 for an ellipsoid ( k e =1/5). The factor of the maximum contact pressure 
arising at yielding criterion, K, as shown in Eq. 7, is expressed as a function of f\k,v,Z*\. 
The used material properties are for a steel material and present as v = 0.3 , E=2.07xlO n Pa, 
Y=7xl0 8 Pa, and R=10- 4 m. These material properties allow for effective modeling of all the 
elastoplastic contact regimes in the FEM simulation. The force convergence tolerance is 0.01 
for the nonlinear solutions. Once the mesh is generated, computation takes from 1 hour for 
small interference to 50 hours for large interference by using an IBM p690 computer. 
Figure 3-a shows the first yield point in the ellipsoid tip for (a) sphere ( k e =1), (b) ellipsoid 
(k e =l/2), (c) ellipsoid (k e =l/5) while the deformation equals to each critical interference 
8 . It is found that the first yield point happens in the larger depth from the ellipsoid tip for 
the smaller ellipticity of an ellipsoid, where the depth of the first yielding point is calculated 
as the distance between the top of the tip of an ellipsoid and the locations of the first 
yielding point. The smaller the ellipticity of the ellipsoid is, the larger the depth from the 
ellipsoid tip happens. While the first yielding depth values are normalized by the depth of 
ellipticity k e =1, the values corresponding to k e =1, k e =1/2, k e =1/5 are 1, 1.5 and 1.8, 
respectively. 

Figure 3-b shows the comparisons of the critical interference 8 and the location of the first 
yielding point with the ellipticity of a contact area k. The critical interference, 8 , is 
significantly increased when the ellipticity of a contact area, k, is reduced. The depth of the 
first yielding point is deeper as the ellipticity of a contact area becomes smaller. The 
ellipticity of a contact area, k, is actually governed by the ellipticity of the ellipsoid. The 
ellipticities of a contact area formed at the yielding point for k e =1, k e =1/2, k e =1/5 are k=l, 
1/2.5 and 1/7.95 respectively. If the ellipticity of a contact area is smaller, it will correspond 
to the smaller ellipticity of an ellipsoid. The described phenomena can be seen on figure 3-a. 
Figure 4 presents the evolution of the plastic region inside the ellipsoid tip for (a) sphere 
(fc e =l),(b) ellipsoid (k e =l/2) and (c) ellipsoid (k e =l/5) while l<8/8 y <30. Connecting 
the nodes with the equivalent von-Mises stress equals yield stress, Y, which is recorded by 
the commercial finite element program ANSYS 8.0, draws the elastic-plastic boundary line. 
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The behavior of the evolution of the plastic region in the ellipsoid tip for different 
ellipticities of an ellipsoid, k e , is different. The development of plastic region on the contact 
surface is shown in more details in figure 7. 

The evolution of the plastic region inside the ellipsoid tip at larger normalized interference, 
40 < 8 1 8 ' < 120 , is shown in figure 5. As the interference increases above 8 / 8 = 80 , the 
normal penetration of the plastic region is coincided at about 0.805x1 0- 4 m as shown in figure 
5(a) for a sphere tip (k e =1). The above phenomena doesn't happen in the ellipsoid tip for 
ellipticity k e =1/2 and k e =1/5 at larger interference. The shapes of the plastic region in the 
ellipsoid tip for different ellipticities are also different. 

Figure. 6 presents the three dimension contour plots of the equivalent von-Mises stress on 
the contact surface for (a) sphere ( k e =1), (b) ellipsoid ( k e =1/2) and (c) ellipsoid ( k e =1/5) at 
interference 8/8 =10 .At this interference the plastic region reaches the contact surface for 
both a sphere and an ellipsoid, which is shown in more details in figure 7. At this point an 
elastic core remains locked between the plastic region and the surface for a sphere (k e =l) 
and an ellipsoid (k e =1/2). It is interesting to note that the center of contact surface for an 
ellipsoid ( k e =1/5) has reached the plastic deformation. The plastic region reaches on both of 
the center area and an elliptical annular area on the contact surface for an ellipsoid 
( k e =1/5). The evolution of the plastic region on the contact surface will behave in a different 
way for a sphere and both for an ellipsoid tip. At 8 / 8 = 10 , the boundary of the plastic 
region that reaches the contact surface, which is obtained from curve fitting of the finite 
element analysis numerical results is plotted as figure 7. The lengths of semi-minor contact 
axis that are normalized by the critical contact radius of a sphere are about 2.4, 3.2 and 4.4 
for the sphere ( k e =1), ellipsoid ( k e =1/2) and ellipsoid (k e =1/5), respectively. The lengths 
of semi-major contact axis that are normalized by the critical contact radius of a sphere are 
about 2.4, 6.8 and 23.5 for the sphere (k e =l), ellipsoid (k e =l/2) and ellipsoid (k e =l/5), 
respectively. The curve fitting length on semi-minor contact axis compared to the curve 
fitting length on semi-major contact axis is 1/2.13 and 1/5.34 for the ellipsoid ( k e =1/2) and 
ellipsoid (k e =l/5), respectively. The above comparison values for the ellipsoid (k e =l/2) 
and ellipsoid (k e =l/5) aren't equal to the ellipticity of an ellipsoid. 

Figure 8 presents the evolution of the plastic region on the contact surface for a sphere 
( k e =1) while 10 < 8 / 8 ' < 120 . The boundary of the plastic region on the contact surface 
obtained from curve fitting of the finite element analysis numerical results of nodes is 
plotted as figure 8. At about 8/8=6 an annular plastic region first reaches the contact 
surface of a sphere. It is clear to see that an elastic core is locked by the annular plastic 
region. As the interference increases, the elastic core gradually shrinks and the annular 
plastic region will increase both to the center and outer line of the contact area. Finally, the 
elastic core disappears and the plastic region will dominate the most part of the contact area 
except for the outer annular area surrounded by the elastic region as shown in figure 8. The 
same conclusions have been obtained in the Kogut and Etsion's studies and are also seen by 
Jackson and Green. 

Figure 9 presents the evolution of the plastic region on the contact surface of an ellipsoid 
( k e =1/2) for increasing interference values up to 8 / 8 ' - 90 . Up to 8 / 8 = 10 the elastic 
region dominate the contact surface. At 8 / 8 = 10 the plastic region first reaches the 
contact surface and forms an annular plastic region as shown in Figure 6 and figure 9. For 
10 < 8 / 8 ' < 30 , the annular plastic region disappears dramatically and an elliptical plastic 
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region appears on the center of contact surface. As the interference increases thereafter, the 
plastic region expands from center toward the edge of the contact surface. Even at this 
interference 8 / 8 = 90 , the plastic region still doesn't coincide with the boundary edge of 
the contact area. But as figure 15(b) shows, the P/Y value is asymptotic to a constant value 
at this interference 8 / 8 ' = 100 . Obviously, the interference 8 / 8 ' = 90 is near the inception 
of the fully plastic deformation for k e =1/2. 

Figure 10 presents the evolution of the plastic region on the contact surface of an ellipsoid 
( k e =1/5) for increasing interference values up to 8 / 8 ' = 70 . Up to 8 / 8 = 10 the elastic 
region dominates the contact surface. At 8 / 8 = 10 the plastic region first reaches the 
contact surface and forms an annular plastic region as shown in figure 6 and figure 10. In 
addition to the annular plastic region, the center of the contact surface also forms a plastic 
subregion. For 10 < 8 / 8 < 30 the annular plastic region disappears dramatically and an 
elliptical plastic region on the center of contact surface extends the original dominated area. 
As the interference increases thereafter, the plastic region expands from center toward the 
edge of the contact surface. Even at interference 8/8 =70 , the plastic region still doesn't 
coincide with the boundary edge of the contact area. It can be seen the plastic region extends 
toward the direction of the major contact axis as the interference increases. But as figure 
15(c) shows, the P/Y value is asymptotic to a constant value at this interference 8 / 8 = 70 . 
Obviously, the interference 8 / 8 = 70 is near the inception of the fully plastic deformation 
for k e =1/5. 

The normal and radial surface displacements of the nodes on the ellipsoid surface are 
monitored in order to investigate the deformation of an ellipsoid. As shown in figure 11-14 
the normal and radial directions (including semi-major and semi-minor contact axis) 
correspond to the y- and x-, z-axis, respectively, figure 11 and 12 show the surface 
displacement, Uy/ S yl , in the normal direction for the sphere ( k e =1), ellipsoid ( k e =1/2) and 
ellipsoid ( k e =1/5) vs. the normalized semi-major axis and semi-minor axis. These plots 
show the evolution of the surface normal deformation with increasing normalized 
interferences, 8 / 8 ' . As expected, the normal deformation on contact surface increases with 
increasing the normalized interference depth. The boundary between the contact region and 
the free surface boundary of the ellipsoid can be seen on the line edge in the plots. The slope 
of the normal displacement on the semi-minor axis is larger than the slope on the semi- 
major axis. As figure 11 and 12 show, both of the slopes of the normal displacement on the 
major and minor axis directions for different ellipticities satisfy: (k e =l) > (k e =l/2) > (k e =l/5). 
The slope near the center and edge of contact surface becomes flat. Figure 13 and 14 show 
the surface displacement, U x / 8 yl , in the x radial direction vs. the normalized semi-major 
axis and the surface displacement, U z / 8 yl vs. the semi-minor axis for the sphere (k e =V), 
ellipsoid (fc=l/2) and ellipsoid (fe=l/5). In the smaller interference depths, the surface 
displaces radially in mostly the negative direction for a sphere and an ellipsoid. The 
ellipsoid has the same compression behavior like a sphere. In other word, their contact areas 
are smaller than the geometrical intersection of the original undeformed profile with the flat 
in the smaller interference depths. This is because at the smaller normalized interferences, 
most of the materials in the sphere and ellipsoid are deforming elastically and are allowed 
to compress. As the interference is larger and significantly increases past the critical 
deformation, the material of the contact region displaces outward into the positive x 
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direction and negative z direction. It can be seen in figure 14 that the radial displacement 
isn't positive until the normalized interference, 8 / 8 = 90 , for a sphere, 8 / 8 ' = 50 for an 
ellipsoid (k e =l/2) and past 8/8 =50 for an ellipsoid (k e =l/5). This bulginess occurs 
because the yielding material flows plastically and abides by the outlying material of the 
contact area. As shown in figure 14, the normalized radial displacement, U x / S yl , become 
flat near the edge of the semi-major axis of contact area for an ellipsoid (fc=l/5). When 
compared the boundary of plastic contact area in figure 10, their locations of semi-major 
contact axis are the same. 

Figure 15 presents the normalized contact pressure, P/Y, profile vs the normalized semi- 
major contact axis, a/a c i, and semi-minor contact axis, b/a c i, for (a) sphere (k e =l) at 
8/8 y =120 (b) ellipsoid (k e =l/2) at 8/8 y =W0, (c) ellipsoid (k e =l/5) at 8/8 y =70. 
When the normalized interferences, 8 / 8 , equal to 120, 100 and 70, for (a) sphere (fc=l), (b) 
ellipsoid (fe=l/2) and ellipsoid (k e =l/5), respectively, the uniform contact pressure 
distribution is almost prevailing in the entire contact area, in which the dimensionless 
contact pressure is up to 2.5. The determination of the inception of the fully plastic 
deformation regime is based on the observed phenomenon that the normalized contact 
pressure and the normalized equivalent von-Mises stresses formed at the contact area have 
a uniform distribution. If interference is increased further, these uniform normalized contact 
pressures are found to be unchanged. It can be observed clearly that the normalized contact 
pressure ascends slowly from the center to the edge of the contact area for a sphere ( k e =1), 
the normalized contact pressure almost has a uniform distribution prevailing the entire 
contact area for an ellipsoid ( k e =1/2), and the normalized contact pressure descends slowly 
from the center to the edge of the contact area for an ellipsoid ( k e =1/5). 
Figure 16 shows the variations of the contact-area ellipticity (k) in the elastoplastic 
deformation regime with the ellipticity of ellipsoid ( k e ) and the dimensionless interference, 
8 1 8 . The radii of curvature at the tip of the ellipsoid, R lx and JR 1 , are varied with the 
contact deformation. The effect of changing the radii of curvature due to contact 
deformations has been included in the evaluation of the k value. Data marked by the "A" 
and "n" symbols is obtained by assuming k e = 1 / 2 and k e = 1 / 5 , respectively. 
Both data sets show that the ellipticity of contact area, k, is increased by increasing the 
dimensionless interference (8 / 8 ' ). The data is asymptotic to a constant value equal to the 
k e value associated with it if 8 / 8 is sufficiently large. It should be mentioned that the 
ellipticity of the contact area in the elastic deformation regime is always a constant value, 
which is equal to the datum shown in Fig. 16 at 8/8 =1. Therefore, the k value of an 
elliptical contact area is a variable when operating in the elastoplastic deformation regime. 
The dimensionless contact areas ( A ) in the elastoplastic deformation regime varying with 
the dimensionless interference (8 / 8 ) and the ellipticity of the ellipsoid ( k e ) are shown in 
figure 17. The data for each k e value can be expressed in a linear form in the log A -log 
(8 1 8 ' ) plot. With the same dimensionless interference 8 / 8 , the dimensionless contact 
area ( A ) is lowered by decreasing the ellipticity of the ellipsoid ( k e ). 

Figure 18 shows for the dimensionless contact load ( F ) results needed in the applications 
of different interferences (8 / 8 ) and ellipticity values of an ellipsoid (k e ). Each of these 
curves shows a nonlinear relationship between F and 8 / 8 . However, the effect of k e on 
F is exactly opposite to that shown in the dimensionless contact area. 
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Kogut and Etsion used the plasticity index y/ = [S /<j s \ in the evaluations of the 
deformations arising at the contacts of rough surfaces, where <j s denotes standard deviation 
of asperity heights. However, this plasticity index doesn't appear in the fractal analyses. In 
the Chung and Lin's study, four plasticity indices ( y/ = 0.5, 1, 2, and 2.5 ) for the KE model 

are chosen. The dimensionless topothesy, G , and fractal dimension, D, values applied are 
thus needed to determine on the base of these four plasticity indices. The plasticity index 

introduced by Greenwood and Williamson can be further expressed as y/ = [S /a s \ 

(S /<j\ (c/Cs) • I n * ne study of Chung and Lin, Is /a) is given as 
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the relationship between a and a s is given as: — - =1 — : - — , where the r/Ra 

values corresponding to y/ = 0.5, 1, 2, and 2.5 are 0.0302, 0.0414, 0.0541, and 0.0601, 
respectively. Therefore, |^| =0.7697, |^M =0.8849, \^-\ =0.9343, 

^-1 =0.9472. By the expression y/ = (^/o-)" V2 (o-/o- s )" 1/2 , the [8 y j<j) V1 values 

- G Jy/^2.5 

corresponding to y/ = 0.5, 1, 2, and 2.5 are, 0.5699, 1.063, 2.069 and 2.5687, respectively. The 
G and D values corresponding to these four y/ values are thus shown in figure 19. In figure 
19, the ellipticity k = 1 . The results of the dimensionless contact load predicted by the 
Chung and Lin's model are quite close to those predicted by the KE model, irrespective of 
the plasticity index values. 

6. Conclusions 

The work presents a finite element model (FEM) of the equivalent von-Mises stress and 
displacements that are formed for an elastoplastic ellipsoid is loaded. The material is 
modeled as elastic perfectly plastic and follows the von-Mises yield criterion. One-eighth of 
an ellipsoid in contact with a rigid flat is used to calculate the von-Mises stresses and 
deformations. A three-dimensional, 10-node, tetrahedron SOLID 92 element was selected for 
the nonlinear contact problem. Three sizes, 0.0005R, 0.0008R, and 0.001R (R: the semi-minor 
radius of ellipsoid), are the smallest element sides in the contact region set for a sphere with 
k e =1 and ellipsoids with k e =1/2 and 1/5, respectively 

The FEM produce the evolution contour plots of the von-Mises stress with the different 
interferences. It is found that the first yield point happens in the larger depth from the 
ellipsoid tip for the smaller ellipticity of an ellipsoid. The smaller the ellipticity of the 
ellipsoid is, the larger the depth from the ellipsoid tip happens. While the first yielding 
depth values are normalized by the depth of an ellipticity k e =1, the values corresponding to 
k e =1, k e =1/2, k e =1/5 are 1, 1.5 and 1.8, respectively. 
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At a normalized interference, 8 / 8 ' = 10 , the plastic region reaches the contact surface for a 
sphere and an ellipsoid, which is shown in more details in figure 7. At this point an elastic 
core remains locked between the plastic region and the surface for a sphere ( k e =1) and an 
ellipsoid ( k e =1/2). It is interesting to note that the center of contact surface for an ellipsoid 
( k e =1/5) has reached the plastic deformation. The plastic region reaches on both of the 
center area and an elliptical annular area on the contact surface for an ellipsoid ( k e =1/5). 
The normal deformation on the contact surface increases with increasing the normalized 
interference depth. The boundary between the contact region and the free surface boundary 
of an ellipsoid can be seen on the line edge in the plots. The slope of normal displacement on 
the semi-minor axis is larger than the slope on the semi-major axis. 

The surface displaces radially in mostly the negative direction for a sphere and an ellipsoid. 
The ellipsoid has the same compression behavior like a sphere. In other word, their contact 
areas will shrink compared to the original cutting areas without deformation in the smaller 
interference depths. As the interference is larger and significantly increases past the critical 
deformation, the material in contact region displaces outward into the positive x direction 
and negative z direction. 

When the normalized interferences, 8 / 8 , equal to 120, 100 and 70, for (a) sphere ( k e =1), 
(b) ellipsoid (k e =l/2) and ellipsoid (k e =l/5), respectively, the uniform contact pressure 
distribution is almost prevailing in the entire contact area, in which the dimensionless 
contact pressure is up to 2.5. It can be observed clearly that the normalized contact pressure 
ascends slowly from the center to the edge of the contact area for a sphere ( k e =1), the 
normalized contact pressure almost has a uniform distribution prevailing the entire contact 
area for an ellipsoid (k e =1/2), and the normalized contact pressure descends slowly from 
the center to the edge of the contact area for an ellipsoid (k e =l/5). 
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Fig. 3-a. The first yielding point happens in the ellipsoid for (a) sphere ( k e =1) (b) ellipsoid 
(k e =1/2) (c) ellipsoid (k e =1/5) 
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Fig. 4. Evolution of the plastic region in the ellipsoid tip for (a) sphere (k e =1), (b) ellipsoid (fe 
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Fig. 5. Evolution of the plastic region in the ellipsoid tip for (a) sphere (k e =1), (b) ellipsoid (fe 
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Fig. 9. Evolution of the plastic region on the contact surface of ellipsoid (k e =l/2) for 
10<S/S y <90 
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Fig. 10. Evolution of the plastic region on the contact surface of ellipsoid (k e =l/5) for 
10<S/S y <70. 
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Fig. 12. The normalized normal displacement U y / S yl vs the Semi-major contact axis, a, and 
Semi-minor contact axis, b, for sphere ( k e =1), ellipsoid ( k e =1/2), ellipsoid ( k e =1/5) in 
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Fig. 13. The normalized radial displacement U x / S ° yl vs the Semi-major contact axis, a, and 
U z / 5 yl vs Semi-minor contact axis, b, for sphere ( k e =1), ellipsoid ( k e =1/2), ellipsoid 
( k e =1/5) in smaller interference depths. 
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Fig. 14. The normalized radial displacement U x / S yl vs the Semi-major contact axis, a, and 
ll z / S yl vs Semi-minor contact axis, b, for sphere ( k e =1), ellipsoid ( k e =1/2), ellipsoid 
( k e =1/5) in larger interference depths. 
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Fig. 15. The normalized contact pressure, P/Y vs Normalized contact axis, a/a c i, and Semi- 
minor contact axis, b/a c i, for (a) sphere (k e =l) at 8 / 8 =120 (b)ellipsoid (k e =l/2) at 
8 1 8 y = 100 , (c)ellipsoid ( k e =1/5) at 8 / 8 y = 70 . 
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Fig. 16. Variations of the ellipticity of contact area with the dimensionless interference in the 
elastoplastic deformation regime. 
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Fig. 17. Variations of the dimensionless contact area with the dimensionless interference. 
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Fig. 18. Variations of the dimensionless contact load with the dimensionless interference. 
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Fig. 19. Variations of the dimensionless real contact area with the dimensionless total load. 
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1. Introduction 

Tribology, as the science, has passed a long and complicated path of development, but still 
has not received that stage of completeness which guesses the decision of engineering tasks 
connected with increase of wear resistance of machines and instruments' parts in factory 
practice. In a large array of works on different aspects of tribology published for the last half 
century there are not enough investigations about the role of metal science in a nature of 
wear. It is characteristic specially for knots of machines working under abrasive affect 
conditions that cause an intensive mechanical wear and loss of life by executive links 
(Kragelsky, 1965; Beckman & Kleis, 1983). 

A role of mechanical characteristics and aspects of metal science began to study in tribology 
much later (Rabinowicz, 1965; Tribology handbook, 1973). For this reason, the providing 
wear resistance of machines parts was reached, primarily, by possibilities of the experienced 
designers' specialists trying to exclude their breaking and deformation in conditions of 
small-cycled and a long-lived loading of working links based on known methods of 
toughness computation. 

In accordance with designer's ideas of development and machines creation with higher 
operational characteristics, there was an apparent necessity for more detailed study of 
outwearing nature, especially in conditions of abrasive affect, as one of the basic reasons 
of equipments refusal. Specially, it concerns the work of oil-industry machines and 
drilling equipment, ore-mining, coal-extracting, ore- grinding, agricultural, building and 
other equipments (Richardson, 1967; Wellinger, 1963). Thus, the independent direction 
was discovered in tribology - the investigation of mechanical wear nature at the different 
acts variants of external forces and abrasives: at the sliding friction, at the rolling friction, 
at the blow over an abrasive, in the stream of abrasive particles, in the not fastened 
abrasive mass, etc. 

The final goal of these investigations was the search of criteria tie of wear for steels and 
alloys with their standard mechanical characteristics, with regimes of heat treatment and 
structure, with the purpose of technological possibilities revealing in industrial conditions to 
control the processes capable to influence positively on the wear resistance increase of 
machines' parts under mechanical wear conditions. 



198 



New Tribological Ways 



In the chapter given, the basic dependences describing this complex process are reviewed 
and the recommendations connected to the methodology of its study and the definitions of 
criteria for an estimation of wear resistance of materials in similar conditions are marked. 



2. Materials and methods of investigations 

Mechanical characteristics of steels defined by standard methods on which basis are carried 

out calculations of machine details, are not connected with their design features and 

practically do not change within time of equipment exploitation. Unlike these characteristics 

the wear resistance is being defined not only by initial properties of tested material in 

interaction with which occurs the outwearing at exploitation, and also by character of 

uploading, especially by temperature in a friction zone. Dependence of one material's wear 

resistance from conditions of wear and properties of another material contacting with him 

complicates an estimation of actual wear and a choice of methods for its definition. 

The development of materials trial methods on outwearing is caused by necessity of reliable 

choice of wear-resistant materials for the purpose of resource increase of machines and 

mechanisms. 

The basic investigations of mechanical wear nature were conducted by sliding friction over 

monolithic abrasive as one of the wide-spread kinds of wear rendering the most negative 

influence on work resource of equipment in numerous branches of machine industry. For 

this purpose, the original laboratory machine (Fig. 1) for conducting the wear trials of any 

materials by sliding friction over monolithic abrasive wheel was manufactured. 

The methodical feature and difference of this machine from those that were used earlier is 

that the cylindrical sample is moving radially by its lower face on rotary abrasive wheel 

plain and is rotating in addition around of own axle. This is stipulated to eliminate the 

passage of sample on the friction surface " track in track" and thus to avoid the "blocking" of 

working surface of abrasive wheel. 

Technical characteristics of laboratory machine are as follows: 

Diameter of a sample (mm) 10 

Length of a sample (mm) 25-30 

Load on a sample (N) up to 1000 

Abrasive Grinding wheel 350 x 70 x 40 

a green silicon carbide SiC, graininess <0.070 mm, HV = 32 GPa 

Rotating speed of a wheel (rad/s) 3.2 

Radial submission of a sample on one turn-over of a wheel (mm) 4.3 

Symbols 



WR wear resistance (g- 1 ) 


HRC Rockwell hardness 


Am mass wear (g) 


KCV impact strength (MJ/m 2 ) 


Ob ultimate strength (MPa) 


o -i endurance limit (MPa) 


Go.2 conventional yield limit (MPa) 


p resistivity (Q m) 


ip relative reduction of area (%) 


Ki coefficient of heat resistance at the furnace heat 


5 relative elongation (%) 


K2 coefficient of heat resistance at the heat-up from 


T s h shear strength (MPa) 


friction 




an coefficient of impact strength (kg m/cm 2 ) 
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Fig. 1. A kinematics schema of original laboratory machine for materials trials on abrasive 
wear at the sliding friction: 1-electric motor; 2-worm reducer; 3-reducer; 4-feed screw; 5- 
weights; 6-sample; 7-abrasive wheel. 

Such scheme of a trial ensures the higher convergence of tests data from experience to 
experience. The loading of sample was carried out by a lever with a weight. The outwearing 
path of sample on the abrasive wheel is 2.53 m for one-time pass. The velocity of samples 
slide over the abrasive wheel per tour of test was being changed from 0.1 up to 0.28 m/s. 
The unit load was selected 1.27 MPa experimentally that allowed to avoid a heat-up of 
friction surface at the trial. The wear was defined on a loss of samples mass Am per tour of 
trial, i.e. for friction path 2.53 m. For comparative estimation of wear resistance of various 
steels the absolute parameter - the value return to mass wear - «WR = 1/Am, g 1 » was chosen 
(Sorokin, 1991). Such indicator of wear resistance is most universal at comparison of this 
characteristic of steels tested in various conditions. The plots of dependences were built out 
of tests results as mean of minimum 5-6 experiences. The supplementary rotating of sample 
around own axle not only eliminates the directional roughness of samples friction surface, 
but also restores the cutting ability of the abrasive wheel as a result of gradual breaking 
down of its friction surface. 

The advantage of this laboratory machine is the capability of trials conduction with chilling 
by any liquid environments, at the dry friction also and at the outwearing of the metal over 
the metal. In this case, the abrasive wheel is being substituted by the metal disk. 
The abrasive outwearing is mechanical and represents the removing of metal from friction 
surface at the complex uploading. The removal of metallic particles at the outwearing is a 
destruction version by its nature, therefore it is quite lawful the using for it a classical 
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concepts about toughness. In this connection it is methodically expedient to consider the 
role of all standard mechanical characteristics of steels, because other criteria of an 
estimation of steels' wear resistance are not present. 

Regular investigations of wear resistance interrelation of hardened steels with all standard 
mechanical characteristics have been carried out. The steels of different structural classes 
with various levels of mechanical characteristics were selected for this goal: pearlitic class of 
average and high toughness, carbidic, austenitic and maraging classes. The trials have been 
complicated by using some other laboratory installations (for example Fig.2): along with 
tests at the sliding friction some trials were conducted at the blow over an abrasive and at 
the friction of metal surfaces without abrasive. 

The basis of test method on this installation (Fig. 2) consists in outwearing of cylindrical 
samples by consecutive repeated blows on a layer of not fastened abrasive of the certain 
thickness located on a flat anvil. Installation is supplied by the adaptation allowing the 
regulation of abrasive layer thickness on the anvil and by the device for anvil moving after 
each cycle of trial. Energy of individual blow was being defined as product of weights 
placed on flat die on height of free fall (50 mm). Change of blow energy was possible in 
limits from 2.5 to 30 J. Frequency of blows were being changed from 60 to 120 mm 1 . 
Use of various installations at trials has allowed comparing influence of various schemes 
and conditions of mechanical outwearing on criteria of steels' wear resistance estimation. 




Fig. 2. Laboratory installation for wear trials at the blow on a not fastened abrasive: 1 - 
welding frame; 2- electric motor; 3 - reducer; 4,5 - pulleys of belt drive; 6 - cam; 7 - roller; 8 
- spindle-flat die; 9 -bevel gearing; 10 - weights; 11 - hopper; 12 - batcher; 13 -rotated disk; 
14 - brushes; 15 - anvil with abrasive; 16 - sample. 
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Apart from steels of different structural classes for which the chemical composition and 
mechanical characteristics are instituted by national standards (GOST) (Machine building 
Materials, 1980), the mechanical characteristics and wear resistance of experimental steels 
conditionally marked as D4, D5, D6 and D7 and created in different time under orders of 
petroleum industry were studied (Vinogradov, 1989). The elemental chemical composition 
of steels of different structural classes used in trials is given in Table 1. 



Grade of 
steel 


Content of chemical elements, % 


C 


Si 


Mn 


Cr 


Ni 


Mo 


V 


SuP 


Co 


W 


Ti 


95X18 


1.0 


<0.8 


<0.7 


18 


- 


- 


- 


<0.03 


- 


- 


- 


iiori3n 


1.1 


- 


13 


1 


1 


- 


- 


- 


- 


- 


- 


H18K9M5T 


- 


- 


- 


- 


18 


5 


- 


- 


9 


- 


1 


P18 


0.8 


<0.4 


<0.4 


4.2 


<0.4 


0.3 


1.2 


<0.03 


- 


18 


- 


X12M 


1.55 


0.25 


0.35 


12 


- 


0.5 


0.25 


<0.03 


- 


- 


- 


40X13 


0.4 


0.30 


0.65 


1.3 


<0.4 


- 


- 


<0.04 


- 


- 


- 


40X 


0.4 


0.28 


0.55 


0.9 


<0.4 


- 


- 


<0.04 


- 


- 


- 


ys 


0.8 


0.25 


0.45 


0.20 


0.15 


- 


- 


<0.03 


- 


- 


- 


yio 


1.0 


0.20 


0.25 


0.20 


0.15 


- 


- 


<0.02 


- 


- 


- 


45 


0.45 


0.28 


0.70 


0.25 


0.25 


- 


- 


<0.04 


- 


- 


- 


40 


0.40 


0.30 


0.70 


0.25 


0.25 


- 


- 


<0.04 


- 


- 


- 


20 


0.20 


0.30 


0.50 


0.25 


0.25 


- 


- 


<0.04 


- 


- 


- 


D4 


0.39 


0.28 


0.54 


0.4 


1.1 


- 


- 


- 


- 


- 


- 


D6 


0.58 


0.26 


0.55 


0.8 


1.2 


- 


- 


- 


- 


- 


- 


D7 


0.7 


0.25 


0.42 


0.6 


1.5 


- 


0.22 


- 


- 


- 


- 


D5 


0.47 


0.27 


0.69 


1 


1.4 


0.18 


0.25 


<0.02 


0.25 


0.25 


0.25 



Note: Fe - the rest 

Table 1. Chemical composition of tested steels 

3. Results of investigations 

The purpose of investigations on the first stage was the definition of functional bond of 
steels' wear resistance at the mechanical (abrasive) outwearing with their standard 
mechanical characteristics: ultimate strength Ob, conventional yield limit oq.i, endurance limit 
u-i, Rockwell hardness HRC, relative elongation 5, relative reduction of area ip and impact 
strength KCV. 



3.1 Interrelation of wear resistance with indexes of steels' mechanical properties 

At the analyses of correlation of each mechanical characteristics separately, "wear resistance- 
property", the enough defined tendencies are discovered: with increasing of strength 
characteristics (Gb, o~oi, HRC) the wear resistance of steels grows, and the characteristics of 
plasticity and viscosity (<5, \p, KCV) reduce the wear resistance with their increasing. The 
similar dependence is characteristic for all mechanical properties (Sorokin, 2000). 
Mechanical characteristics depend, first of all, from class of steel and its structural features: 
it means here the type of steels' structure, the ability of structure to hardening at the heat 
treatment and its propensity to unhardening under thermal influence. If to combine 
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graphics changes of mechanical characteristics of hardened steels of different structural 
classes depending on tempering temperature, it is possible to reveal characteristic 
tendencies in change of properties and their numerical values. There have been compared, 
first of all, the characteristics of toughness group - hardness, ultimate strength and 
conventional yield limit, and also the characteristics of plasticity - relative reduction of area. 

3.1.1 Steels hardness change of various structural classes from tempering 
temperature 

The hardness of hardened steels of various structural classes changes in a wide interval of 
numerical values at the rise of tempering temperature (Fig. 3). The law of hardness change is 
ambiguous: at the rise of tempering temperature the hardness can be constant - for steels of 
austenitic class, sharply decrease - for steels of pearlitic class and increase - for steels of 
carbidic class. Hardness of austenitic steel 110ri3JI is low - 18 HRC, but in the range of 
tempering temperatures 0-600 °C it is constant. It can be explained by absence of structural 
transformations in this steel at tempering, and consequently, unhardening. Steels hardness 
of pearlitic class (20, 45, 40X, yiO, D7) after hardening is various: the minimal hardness (35 
HRC) has the steel 20 and the maximal hardness (65 HRC) has an experimental steel D7. At 
the rise of tempering temperature the hardness of these steels is decreasing: at tempering 
temperature 600 °C the hardness for D7 is equal 38 HRC, and for steel 20 is equal 15 HRC. 
Steel hardness of carbidic class PI 8 directly after hardening is approximately 62 HRC; at the 
rise of tempering temperature the hardness of this steel not only does not decrease, but 
increases at tempering temperature 600 °C until 65 HRC. The law of hardness change at the 
tempering of hardened steels of martensitic class 95X18, maraging class H18K9M5T and 
ledeburitic class X12M essentially differs from the law of steels hardness change of pearlitic 
and carbidic classes. 



P18 




100 200 300 400 

t °C 

fc temp. 



500 



600 



Fig. 3. Dependence of steels hardness change of various structural classes from tempering 
temperature 
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Steel's initial hardness of mar aging class H18K9M5T (30 HRC) remains until tempering 
temperature 300 °C; after this it starts to increase until 44 HRC at 500 °C and is stabilizing at 
this level up to 600 °C. Hardness of steel 95X18 decreases a little at the rise of tempering 
temperature until 400 °C, then increases at 500 °C, and decreases again (to 48 HRC) at 600 °C. 
Hardness of steel X12M at tempering temperature until 500 °C is constant and high enough, 
its heating up to 600°C reduces this value to 50 HRC. 

Thus, the area of hardness change is in a range from 18 up to 62 HRC at tempering of 
hardened steels of basic structural classes in the range of temperatures from to 600 °C. The 
lower level of this area is limited by hardness of austenitic steel 110ri3JI and upper level - 
by hardness of carbidic steel P18. By comparison of steels hardness of various classes in the 
conditions of tempering becomes obvious, that for the hardened steels of pearlitic class it is 
characteristic a strong unstrengthen at heating; by this index they cannot be attributed to 
group of wear-resistant steels. For work in the conditions of heats when force uploading is 
accompanied by mechanical outwearing, the best steel with structural stability and hardness 
is the steel of carbidic class P18. 

3.1.2 Change of ultimate strength for steels of various structural classes from 
tempering temperature 

The ultimate strength was compared for the same hardened steels in the same interval of 
tempering temperatures. Polarization of this mechanical characteristic depending on 
tempering temperature (Fig. 4) is even more, than for hardness. 




500 600 



Fig. 4. Change of ultimate strength for steels of various structural classes from tempering 
temperature 

The value of ultimate strength is stable in a wide interval of tempering temperatures for 
austenitic steel 110ri3JI and is minimal in relation to other steels - nearby 400 MPa. The 
ultimate strength of steels pearlitic class 20, 45, D7 changes under one law: it is increasing a 
little at tempering temperature 200 °C and then decreasing monotonous. The maximum of 
ultimate strength is fixed for steel D7 at tempering temperature 200 °C - 2200 MPa; after high 
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tempering this value decreases approximately in 2 times (up to 1000 MPa). The ultimate 
strength of steel X12M almost linearly increases from 400 to 1860 MPa at rising of tempering 
temperature. The ultimate strength of steel PI 8 increases stably in process of rising tempering 
temperature and has a maximum at 600 °C. The analysis of these dependences shows that for 
conditions of static uploading the steels of pearlitic class have appreciable advantages before 
steels of other classes on level of ultimate strength, but stability of its maximum values is 
limited by an interval of tempering temperatures 100-300 °C. 

3.1.3 Change of relative reduction of area for steels of various classes from tempering 
temperature 

Relative reduction of area ip for steels 20, 45, 40X, yiO is increasing at rising of tempering 
temperature, but for steels 110 ri3JI and X12M this characteristic does not change 
practically (Fig. 5). 







Fig. 5. Change of relative reduction of area for steels of various structural classes from 
tempering temperature 

Relative reduction of area ip and relative elongation 5 vary practically under one law. Thus, 
relative reduction of area of the steels majority is maximum at high tempering (600 °C). 



3.1.4 Dependence of steels' wear resistance from one parameter of mechanical 
properties 

The steels' wear resistance may be defined for some external uploading conditions on one of 

the parameters (Fig.6) (Sorokin, 2000), for example, 

at a blow over a not fastened abrasive - the shear strength (t s i), 

at an erosive outwearing when the angle of attack is equal 90° - the relative elongation (<5), 

at a blow over a metal without abrasive - the endurance limit (<7_i), 

at an abrasive outwearing of surface hardening alloys - the resistivity (p). 

Thus, there are some external forces conditions of abrasive affecting or of blow of metal over 

metal, when one of mechanical properties can be selected as criterion of wear-resistant steels 
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for defined work conditions. However, for more other cases of work conditions it is very 
difficult to find reliable criteria of steels wear resistance. The subsequent separated 
investigations of interrelation of steels wear resistance with all standard mechanical 
characteristics has allowed concluding that neither of them cannot serve as criterion for 
estimation of wear resistance, because they are not connected with wear resistance by 
univocal dependence. For revealing of more generalized dependence of steels wear 
resistance and their mechanical characteristics it was necessary to conduct the whole cycle of 
investigations. 



1.6 



1.2 



26 
O) 

E 

E 
< 

?? 


V 


2 




'*> 


^ 


^N> 


20 






^ 



CO 



500 



1000 



2000 



0.8 



0.4 





OJg 








of 


^^^O" 










I 


E 


m 


W 


7 


m 


' 


w 






I 












l 



20 



30 



40 



50 



60 



70 



80 



1500 

x sh ,MPa p,10 Q-m 

(a) (b) 

a - dependence of mass wear Am of austenitic and martensitic structure from shear strength t s h at blow- 
abrasive wear and energy of blow accordingly, J: 1 - 5; 2 - 10; 

b - dependence of relative wear resistance e of surface hardening layer of system Fe-C-Mn from their 
resistivity p : I - ferrite + pearlit; II - pearlit + cementit; III - martensit; IV - austenit + disintegration 
products; V - martensit + carbides; VI - austenit + carbides; VII - austenit+martensit. 

Fig. 6. Examples of unequivocal dependence of wear resistance parameters and one of 
physical and mechanical characteristics of steels: 



3.1.5 The law of change conformity of toughness characteristics and wear resistance 
of steels from tempering temperature 

The analysis of pairs ties of type "wear resistance - one of steels characteristics" gives the 

basis for assuming that the resistance to abrasive outwearing is more complicated by the 

character of forces interaction into friction surfaces, than resistance to introduction of 

indentor at hardness definition or resistance to tension at toughness characteristics 

definition - ultimate strength, conventional yield limit, relative elongation etc. 

For more detailed analyses of cause of this dependence the correlations of wear resistance 

with steels mechanical characteristics of all structural classes were studied. 

If abrasive wear is considered as mechanical destruction it is necessary to recognize its 

toughness basis. So, the interrelation between wear resistance and other mechanical 

characteristics for steels of different classes (Fig. 7) is received. 

Character of toughness parameters change and wear resistance is identical: the decreasing at 

the rising of tempering temperature. As the standard for comparison the steel 45 is accepted; 

its relative wear resistance is accepted for unit. In each class of steels the tendency of change 

of toughness and plasticity characteristics are not identical at the tempering in the 

conditions of heating: 
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Fig. 7. Curves changes of toughness characteristics (a,c,e,g,i) and wear resistance (b,d,f,h,j) for 
steels of various structural classes from tempering temperature: a, b -steel 45 of pearlitic 
class; c,d - 95X18 of martensitic class; e,/-H18K9M5T of maraging class; g,h - 110ri3JI of 
austenitic class; i,j - PI 8 of carbidic class 

For steels of pearlitic class at the rising of tempering temperature the toughness parameters 

are decreasing, and the plasticity characteristics are increasing; 

For martensitic class steels is the same tendency, like for pearlitic class steels, but decrease of 

toughness characteristics and increase of plasticity characteristics are displaced into area for 

higher tempering temperature; 

For maraging steels in process of rise of tempering temperature until 500 °C the toughness 

parameters increase at preservation of high plasticity; 
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For austenitic class steels at the rising of tempering temperature until 400 °C the toughness 

and plasticity characteristics do not change; the further rising of tempering temperature 

leads to decreasing of ultimate strength and plasticity characteristics; the hardness of steels 

is being raised a little. 

For steels of carbidic class in rise process of tempering temperature the toughness 

characteristics are decreasing at first, and at the tempering temperature above than 400 °C 

start to increase; the plasticity characteristics do not change almost. 

For the first time was established the conformity between changes of toughness characteristics 

and wear resistance depending on tempering temperature for steels of each class. 

The results of tribological investigations have allowed to determine the law of conformity 

between variations of toughness characteristics (a*,, oq.i, HRC) and wear resistance at 

different temperatures of tempering for hardened steels of all structural classes (Sorokin et 

al., 1991). These data have allowed concluding that in a nature of mechanical wear, the 

toughness ground lays, but the mechanism of these processes is more complicated. 

The wear resistance estimation of several steels grades of different structural classes by the 

one characteristic of mechanical properties reveals the complicated dependence (Fig. 8). Its 

feature is that the different wear resistance corresponds to one value of any mechanical 

steels characteristics of different structural classes. 



0) 




Fig. 8. Dependence of steels wear resistance WR from hardness HRC: 1 — 110ri3Jl, 2—45 (BS 
En8), 3-40 (BS En8), 4-H18K9M5T, 5-yiO (tool steel), 6-D7, 7-X12M, 8-P18. 

There was a basis to consider that at the mechanical outwearing only one of toughness 
characteristics (ay, ao.2, HRC) cannot be the full criterion of steels' wear resistance, because on 
the final process of forming and separating the corpuscles of wear from a friction surface, 
apart from strength properties, other mechanical characteristics exercise influence also. 
This supposition was confirmed by analyses of steels plasticity characteristics correlations (<5, 
\p, KCV) with their toughness characteristics. 

It became apparent that the advantage of steels' wear resistance at the equal toughness is 
connected to a higher plasticity. There was a necessity to demonstrate these reasons 
experimentally. 
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3.2 The elaboration of wear resistance definition method 

Such a problem was decided with applying a new wear resistance definition method which is 
taking into account simultaneously two properties "the toughness and the plasticity" (Fig. 9). 
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Fig. 9. Dependence of steels' wear resistance WR from ultimate strength o& and relative 
reduction of area tp: 1 - 110ri3n, 2 - 20, 3 - 45, 4 - 40X, 5 - H18K9M5T, 6 - D7, 7 - D6, 8 - D5. 

The essence of this method consists in combination of two functional dependences: "wear 
resistance - toughness' 7 and "toughness-relative reduction of area". Then, out of these 
dependences data, the final parameter in coordinates "wear resistance-relative reduction of 
area" is being defined. This method convincingly has confirmed that in a nature of 
mechanical wear at sliding friction over an abrasive the leading role belongs to steels' 
toughness, but the level of strength properties is more significant with higher plasticity. 
All standard mechanical characteristics such as o&, 002, HRC enter into group of toughness. It 
is a dignity of this method because the selection of wear-resistant steels in factories 
conditions is being simplified. For this purpose it is enough to have one of three known 
characteristics. 

The relative reduction of area is enough to have as an index of plasticity. The shape of 
handling and constructing the graphic dependences can be simplified, without representing 
a tie of relative reduction of area with toughness characteristic, and can be restricted by the 
dependence "wear resistance-plasticity" only (Fig. 10). 
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Fig. 10. Dependence of steels' wear resistance WR from hardness HRC and relative 
reduction of area xp: 1 - D5, 2 - D7, 3 - D6, 4 - 40, 5 - y8 (tool steel);6 - 40X13. 



3.3 Methods of steels' wear resistance ranking 

We also used other methods for ranking of steels' wear resistance. In this case, the 
combinations of two characteristics were applied: product of hardness on relative reduction 
of area (HRCip) versus ultimate strength (Fig.ll) and product of ultimate strength on 
relative reduction of area (o& • ip) versus hardness (Fig.12). 
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Fig. 11. Correlation of product of hardness on relative reduction of area (HRC ■ yf) from 
ultimate strength o\,. 



210 



New Tribological Ways 



a. 



225 

200 
175 
150 



V 
5 125 



if 



100 



75 



50 





























































<■* 


1 r ■ hi A 


A 



35 



40 



45 



50 



55 



60 



HRC 



Steels grades: *#. D5 ■•■ D$ -*■ D7 ■*• D4 



Fig. 12. Correlation of product of ultimate strength on relative reduction of area (o& tf) from 
hardness HRC. 

The points recieved on these plots represent the outcomes of experiments for five to six 
samples of each tested steels. All steels on these dependences can be divided in three 
groups: steels for which with growth of ultimate strength or hardness the parameters of 
wear resistance (o& ip) or (HRC ip) were being diminished, remained constant or increased. 
Thus, the principle of selection of wear-resistant steels out of these dependences is as 
follows: it is necessary to recommend for industrial production such steels for which the 
parameters of wear resistance (at ip) or (HRC ip) are maximal and tends of growth with 
increase of second (pair) characteristic. 



3.4 The influence of carbon content in steels on their wear resistance 

With a purpose of studying the influence of carbon content in steels on their wear resistance, 
several steels with miscellaneous carbon content (from 0.2% up to 1.2%) at the equal 
hardness, 30, 40, 50, 55, 60 HRC, were selected for experiments. The dependences of steels' 
wear resistance from carbon content at different levels of hardness are shown on Fig. 13. The 
carbon content renders the direct influence on structure of steel forming and consequently, 
its mechanical characteristics and, first of all, the hardness. Our investigation's outcomes of 
structural stability influence on wear resistance of steels have allowed more widely 
considering this problem. The selected steels were tested after hardening and tempering at 
different temperatures to receive all possible structural statuses. At the low level of hardness 
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(up to 30 HRC), changing of carbon content in a wide interval (0.2-1.0%) practically does not 
influence wear resistance. At the hardness 40 - 50 HRC the wear resistance of steels is being 
increased proportionally carbon content in them. At HRC 60 the carbon content in steels 
from 0.6% up to 1.2% cause a sharp falling of wear resistance. 
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Fig. 13. Dependence of steels wear resistance WR from carbon content C at the different 
levels of hardness (HRC): 1 - 30, 2 - 40, 3 - 50, 4 - 55, 5 - 60. 



4. Discussion 

The investigations of last years have set more complicated task to which all tribologists are 
aspired. This task consisted in the elaboration of methods for ranking steels wear resistance 
without their trials on wear. 

The logic of reasoning has specified the methodical necessity to use as criterion of 
outwearing simultaneously two characteristics of mechanical properties - the toughness (o&) 
and the plasticity (ip). So, it was proposed that the product of ultimate strength on relative 
reduction of area (a\,-\p) can be used as the complex criterion for an estimation of steels wear 
resistance at the mechanical outwearing. 

The advantage of this method is in the kept dimensionality of toughness (MPa) which is 
"strengthened" by the influence of plasticity. This criterion takes into consideration the 
nature of dependences shown on Figs. 9 and 10. Besides, the criterion (o& -xp) in a certain 
measure reflects the power consumption of steel, because it considers actually two indexes: 
static toughness and plasticity. 
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The possibility of using this criterion was exhibited under different conditions of external 
forces influence. It was enough reliable at an estimation of steels wear resistance in 
conditions of sliding and rolling friction over an abrasive, of erosive wear with angles of 
attack less than 90° (Sorokin et aL, 1991). The product of ultimate strength on relative 
reduction of area (db-ip) has appeared universal, allowing to explain not only distinction of 
steels wear resistance at an equal value of one toughness characteristics, but the difference 
of endurance strength at an equal value of ultimate strength, also (Fig. 14) (Sorokin & 
Malyshev, 2008). 
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Fig. 14. Dependence of endurance strength o.i from ultimate strength Ob and relative 
reduction of area ip. 

The ranking of steels wear resistance of miscellaneous structural classes was held using 
obtained criteria and taking into account their structural stability under thermal affect 
conditions. 

There were used the coefficients of structural stability (thermo stability) which were taking 
into account the destruction of original structure at the heating in furnace Ki and as a result 
of heating by friction K2. The coefficient Ki was being defined as hardness ratio of steels 
after their hardening and tempering at defined temperature (100 °C) to steels hardness after 
hardening, but without tempering. The coefficient K2 was being defined as a ratio of steels 
wear resistance during defined time to its initial wear resistance after a trial within 3 min. 
All steels on their thermo stability at the outwearing may be subdivided to as self- 
hardening, self-softening and stable steels. Coefficient of thermo stability (Ki) may change 
from 0.5 up to 1.5 (Sorokin, 2000). The maximal steels wear resistance of different structural 
classes was distributed as follows: 
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Structural class of steel 

Pearlitic experimental steel 
Martensitic steel 95X18 
Austenitic steel 110ri3JI 
Maraging steel H18K9M5T 
Carbidic high-speed steel P18 



Criterion, (Gb-tp) (MPa) 

140250 
14400 
9156 



Wear resistance, WR (g- 1 ) 

2.5 
2.0 
0.89 
0.57 

3.2 



It is necessary to mark that the warmly-resistant steels unconditionally have advantage 
before other steels in their capacity to keep an initial wear resistance under high thermal 
conditions. But their large shortcoming consists in a low magnitude of complex criterion 
(ab ip) that characterizes a capability to perceive the high external forces of uploading on the 
executive links of mechanisms. In particular, the value of complex criterion (o& ip) for the 
warmly-resistant austenitic steel 110ri3JI has 10 times less magnitude, than for steel of the 
pearlitic class D5. The carbidic steel (P18) has a high wear resistance under thermal 
conditions, but as steel for machine building it can't be applied because has a low value of 
plasticity. This feature should be taken in consideration by designers at the creation of 
machines. The complex criterion o& ip is suitable for an estimation of steels wear resistance 
not only in the conditions of sliding friction over an abrasive, but also in the conditions of 
rolling friction that Fig. 15 is visually illustrates. 
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Fig. 15. Dependence of wear resistance WR of steels at rolling friction on an abrasive from 
criterion a b ip: 1 - D5; 2 - D7; 3 - steel 55CM50A 
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The carbon content in steels influences their wear resistance in that measure in which are 
increasing the toughness characteristics under condition of providing the indispensable 
reserve of structure plasticity. 

When this condition is not being observed - the wear resistance diminishes because of rising 
fragility of structure causing a crumbling in micro volumes of a friction surface. The analysis 
of obtained data shows that for the steels wear resistance estimation it is necessary to take 
into consideration their chemical composition. 

The obtained new information has allowed to discover the law of abrasive outwearing and 
to show the influence of mechanical characteristics and their combinations on steels wear 
resistance of miscellaneous structural classes, to formulate the mechanism and criteria of 
this kind of outwearing from positions of metal science and toughness of metals. At the 
analysis of detected dependences became apparent that in a nature of mechanical (abrasive) 
outwearing lies a strengthened ground which allows simplifying the criteria connected to an 
estimation of steels wear resistance using only a well-known in industrial conditions the 
standard characteristics of mechanical properties and their combinations. 
Out of obtained results data of investigations became indisputable the significance of 
plasticity reserve in steels with an obligatory high value of all characteristics of toughness 
(a b , (Jo.2, HRC) (Sorokin,2000; Gokhfeld, 1996; Kimura, 1975). 

Thus, a toughness "reinforced" of indispensable plasticity, is a basic component in 
understanding mechanical wear nature under complicated external forces affect conditions, 
where simultaneously with one-time contact of a single abrasive particle can take place the 
low-cycle fatigue from the repetitive multiple acts of such affect. 

This feature can be explained by the mechanism of interplay of single abrasive particle with 
wear surface: at the friction of solid particle on the steel surface is occur simultaneously its 
intrusion with defined effort and consequent migration. This, at the result, shapes the 
"products" of wear and leaves on the contact surface the risks or crushing oriented in 
direction of particles' moving. The intrusion of a corpuscle in metal and its migration meets 
a complex resistance in which ones participate the characteristics of toughness and 
plasticity. The combination of these characteristics can be various, but the positive effect will 
be in the events when the selected combination of mechanical characteristics ensures 
indispensable resistance: 

to an intrusion - this function executes the hardness HRC; 

to a tension, shear, crushing - this is ensured with high values of ultimate strength, 

yield limit in combination with relative elongation, relative reduction of area or 

difference (ph - 00.2). 
Namely, such purpose was pursued by the selection of reviewed above mechanical 
characteristics and their combinations. 

Definition of estimation criteria of materials wear resistance and, first of all, steels are one of 
the major problems of tribology development in the near future. The successful decision of 
this problem will open wide prospect of a choice and creation of wear-resistant materials. 
There is necessary to notice that tribological toughness of materials is a complicated concept 
and completely is not discovered; it will be gradually specified in process of accumulation of 
new experimental data. This new characteristic will be connected with studying of new 
aspects, and first of all, metal science and classical laws of strength. It means the behavior of 
steels of different structural classes in difficult conditions of force uploading and 
temperature influence. New data, certainly, will allow expanding representations about the 
mechanism of mechanical outwearing. But already today it is possible to assert that 
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hardness of materials, especially steels, will be the base characteristic of wear resistance at 
mechanical wear. Hardness as the measure of resistance of material to introduction in its 
surface of a solid body defines a possibility of development of the basic stage of mechanical 
outwearing - the introductions of a solid particle into another surface. If particle 
introduction occurs, there is possible the following stage of wear process consisting in micro 
cutting or plastic deformation at moving in the conditions of sliding. If initial introduction is 
absent, the second stage, i.e. actually the outwearing or damage of a contact surface, 
becomes impossible. In this case the particle is not capable to damage a surface. It means 
that a wear is absent and the wear resistance as an inversely value of wear aspires to 
infinity, i.e. it is become unwear situation that at the mechanical outwearing happens 
extremely seldom. 

Thus, there are possible two ways of wear resistance increase at mechanical outwearing: the 
creation of structures with high initial hardness and thermo-resistance in all volume of 
detail or in superficial layer only. These structures shielding the surface from introduction of 
abrasive particles are capable, if not in whole, but significant reducing a wear. However, on 
the modern stage of metal science development such structures are practically not present - 
all steels are exposed to mechanical outwearing. 

Quite probably that the creation of new steels structures considerably surpassing in 
hardness the existing steels (60-62 HRC) can cardinally decide the problem of wear 
resistance rising. But, the difficulty consists in that that at the rise of toughness 
characteristics and hardness the plasticity characteristics reduce very sharply and it lead to 
undesirable fragile destruction. Analysis of works on the creation of high-strengthened 
steels for the last quarter of the century confirms all complexity of realization this direction 
in metal science. The repeated increase of limits of ultimate strength, fluidity, endurance, 
shear strength resistance and hardness was not possible to reach as at us in Russia and 
abroad. 

The second way of wear resistance increase of machine details supposes the creation in 
superficial layer the structure of high hardness on small depth from friction or blow zone. 
This way has more perspectives from tribology positions because it does not demand high 
strength of steel structure in whole volume of detail. Increase of superficial hardness in 
some cases influences significant positively on the wear resistance because the relation 
hardness law of abrasive and metal at the high hardness of metal provides sharply increase 
of wear resistance. 

Results of the analysis of an extensive experimental data show that for providing the best 
indexes of wear resistance at mechanical outwearing it is necessary to combine three 
components: high static toughness, hardness and plasticity. Only the combination of such 
characteristics provides the best results regarding the wear resistance increase. 
The problem of steels wear resistance rise is a major task of technical progress in machine 
industry. The path to successful decision of this task is the creation of high strengthened 
steels that not only have the separate high characteristics of mechanical properties, but also 
the exceeding from other steels by high values of combinations of these separate 
characteristics, such as (<x& ip), (HRC ip), (Ob - P0.2) and high thermo stability. The difference of 
ultimate strength and yield limit (at - G0.2), the so-called - "barrier effect 7 ' (Alekhin,1983), is 
almost linearly connected to ultimate strength and positively influences on wear resistance 
of steels. Out of our data (Sorokin et al., 1991), the maximal ultimate strength is fixed, when 
[<Jb - V0.2) is in a spacing 500 - 700 MPa. The steel D5 has the best indexes of the wear 
resistance and endurance strength from among experienced steels that is being provided by 
their higher combination of all mechanical characteristics (see Table 2). 
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Grade of 
steel 


Ob, 

MPa 


00.2, 

MPa 


HRC 


o, 

% 


% 


KCV, 

MJ/M2 


WW, 
MPa 


HRCip 


Ob~ 
00.2, 

MPa 


g" 1 


D4 


2000 


1900 


53 


8 


35 


0.34 


70000 


1855 


100 


1.55 


D5 


2550 


1850 


56 


12 


55 


0.55 


140250 


3080 


700 


1.94 


D6 


2500 


2000 


57 


8 


40 


0.30 


100000 


2280 


500 


1.82 


D7 


2100 


2100 


57 


7.5 


33 


0.32 


69300 


1881 





1.75 


H18K9M5T 


1070 


900 


31 


7 


- 


- 


- 


- 


170 


0.54 


95X18 


1800 


1700 


61 


8 


8 


0.15 


14400 


488 


100 


2.4 


110ri3JI 


327 


327 


16 


37 


28 


1.53 


9156 


448 





0.79 


X12M 


730 


730* 


59 


- 


- 


0.016 


- 


- 





1.69 


40X13 


1850 


1520 


48 


7 


8 


0.18 


14800 


384 


330 


0.73 


P18 


1150 


1150* 


58 


- 


- 


0.015 


- 


- 





1.51 


45 


1700 


1700* 


49 


8 


8 


0.39 


13600 


392 





0.98 



Note: *The yield limit of samples that were being destroyed at the test fragile is accepted equal to 
ultimate strength. 

Table 2. Steels 7 mechanical properties at the tempering temperature 200 °C and wear 
resistance WR 

Thus, the long-term problem connected to a searching of reliable criteria of an estimation of 
steels wear resistance, without the necessity of labor-intensive and not always realized wear 
trials in industrial conditions has received its further development. This task in defined 
aspects is finished up to an engineering decision and can be used in designer's practice for 
choosing the wear-resistant steels and alloys. The tendered methods allow not only to 
produce an estimation of suitable steels for different conditions of wear and external forces 
of uploading, but also to orient metallurgists to melting new steels with quite defined 
mechanical properties and their combinations. 

The perspectives of wear resistance rise of steels and alloys is necessary to bind not only 
with toughness increase of materials matrix structure, but also with searching of methods 
for strengthening surface parts of machines, as one of the possible ways to increase the work 
resource of machines. In this event, the different methods of forming wear-resistant surface 
layers are of interest. There are different coatings obtained by laser strengthening 
(Gnanamuthu D.S.,1979), by spark doping and also ceramic coatings formed by microarc 
oxidation method (Malyshev & Sorokin, 1996). 

It is necessary to recognize that tribology as an effective facility for increase of work 
resource of machines by means of protecting them from wear could give for factory practice 
much more for machinery production of different assignment if it have been founded, first 
of all, on the basis of metal science investigations, especially under mechanical wear 
conditions. 



5. Conclusion 

1. The mechanical outwearing of steels under abrasive affect conditions is a variety of 
breaking down of metals in their nature . Its basic difference is conditioned by the 



Methods of Choosing High-Strengthened and 

Wear-Resistant Steels on a Complex of Mechanical Characteristics 21 7 

scaling factor by means of formation and removing of wear corpuscles in micro 
volumes of friction surfaces. 

2. The functional tie of steels wear resistance with toughness characteristics at the 
indispensable reserve of plasticity is the confirmation of this hypothesis. The toughness 
characteristic intensified of necessary plasticity is the main component in 
understanding of mechanical outwearing nature under complex external forces affects 
conditions. 

3. The method reviewed in this chapter allows in the practice of designing machinery to 
select the more wear-resistant steels without necessity of much labor-intensive and not 
always accessible in industrial conditions the wear trials using only standard 
mechanical characteristics - the indexes of toughness and plasticity. 

4. It is possible to assert definitely that in the general problem of wear resistance increase 
of machines the metal science role is exclusively great: in any specific target of resource 
increase of machines details two third of volume of possible measures will always make 
aspects of metal science or if to speak more widely - materials of different structural 
systems. 
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1. Introduction 

Tropical herb extracts, such as Andrographis paniculata, Eurycoma longifolia Jack and Orthosiphon 
stamineus, which have enormous beneficial health effects need to be made available in a 
convenient and affordable tablet form. Information on the powder extract characteristics 
during compression is lacking and would be useful in investigations of powder deformability 
for optimizing operating conditions. The current market value of herbal products for 
traditional and complementary medicine is estimated to be between USD 40 to 100 billion with 
an average growth rate of 15 to 20% each year (Abdul Aziz et al, 2004). 

Andrographis paniculata (locally known as 'hempedu bumf or 'akar cerita') has analgesic, 
anti-malaria, anti-inflammatory, anti-neoplastic, anti-ulcerogenic, anti-bacterial, febrifuge, 
anti-platelet, anti-diarrhoeal anti-thrombotic, anti-diabetic, and anti-hypertensive properties 
(Ahmad and Asmawi, 1993). The roots of Eurycoma longifolia Jack are traditionally used for 
curing fever, mouth ulcers, and intestinal worms, and as a general tonic after childbirth, and 
are believed to be effective for treating hypertension and malaria. Studies have shown that 
Eurycoma longifolia Jack possesses sexual enhancement and aphrodisiac properties 
(Sambandan et al., 2006). Orthosiphon stamineus, or 'misai kucing', has also been scientifically 
proven to have anti-hypertensive, anti-inflammatory, and diuretic properties, and has also 
been proven to be beneficial for urinary tract ailments, renal stones, arteriosclerosis, 
nephritis, diabetes mellitus, hypertension, rheumatism, tonsillitis, and menstrual disorders 
(Jagarath and Ng, 2000). Currently, Orthosiphon stamineus is categorized as one of the herbs 
with a great potential for commercialization in Malaysia due to its easy cultivation and its 
validated health benefits, particularly in treating ailments associated with the kidney and 
urinary system (Jagarath and Ng, 2000). 

Most of the research conducted on these herbs so far has been limited to their chemical and 
medicinal properties. This work attempted to obtain scientific and engineering data to 
determine the technical feasibility and economic viability of producing solid oral dosage 



220 



New Tribological Ways 



tablets of these herb extracts via direct compression. Takeuchi et al. (2004) used this method 
to study the compression properties of several pharmaceutical materials such as potassium 
chloride, pre-gelatinized starch (PCS), cornstarch, low-substituted hydroxypropylcellulose 
(L-HPC), crystalline lactose, and ascorbic acid by measuring the die wall force. The direct 
compression method is advantageous due to its simplicity of combining blended ingredients 
and pressing them into a tablet without having to change the formulation or ingredients 
and, simultaneously, the forces generated during compression may be used to understand 
the roll compaction mechanisms (Yusof et al., 2005). The study and application of the 
powder compression process has continued to develop in line with the needs of the 
pharmaceutical (Varthalis and Pilpel, 1976; Mohammed et al., 2006; Yamamoto et al., 2009), 
food (Yusof et al., 2005), and herbal industries (Eggelkraut-Gottanka et al, 2002; Schiller et 
al.,2003). 

The characteristics and performance of tropical herbal powder extracts during direct 
compression are neither well documented nor understood. This chapter discusses the 
properties of such herbal extract powders from Andrographis paniculata, Eurycoma longifolia 
Jack and Orthosiphon stamineus from a freeze dried process during direct compression, 
portraying them using the Heckel (1961), Kawakita and Liidde (1970/71), and Walker (1923) 
models. 

2. Materials and methods 

2.1 Herbs and powder evaluation 

Andrographis paniculata, Eurycoma longifolia Jack and Orthosiphon stamineus freeze-dried 
extract powders were supplied by Phytes Biotek Sendirian Berhad, Malaysia. The herbal 
powders were evaluated in terms of particle size, moisture content, and density before the 
tableting process. Particle size and particle size distribution for all samples were measured 
by a Malvern Mastersizer 2000 instrument (Malvern Instruments Ltd, Worcestershire, UK). 
Approximately 5 ml of powder was used for each measurement and particle size 
distributions were recorded. Each sample was measured three times and the results are 
shown in Table 1. The moisture content of the herb powder extracts was determined 
gravimetrically using a digital Moisture Analyzer (Ohaus Corporation, Pine Brook, NJ, 
USA), set at 105 °C, with approximately 5 g of the extract powder. The instrument was 
allowed to cool between tests for each powder. A gas pycnometer (Quantachorome Corp., 
Boynton Beach, Fl, USA) was used to measure the density and volume of the accurately 



Material 


Particle 
size 
(urn) 


Moisture 
content 

(%) 


Density (k^m 3 ) 


Carr index 
(1965) (%) 


Hausner 

ratio 

(1967) (HR) 


Bulk 


Tap 


True 


Orthosiphon 
stamineus 


16.4±0.124 


5.52±0.100 


589.9±1.00 


893.4±1.00 


1628.5±5.10 


33.96±0.250 


1.51±0.006 


Eurycoma 
longifolia Jack 


26.0±0.395 


3.59±0.238 


438.7±0.625 


645.1±0.675 


1304.3±0.400 


32.00±0.089 


1.47±0.002 


Andrographis 
paniculata 


15.6±3.446 


4.64±0.400 


589.8±0.370 


879.7±0.500 


1612.6±0.001 


32.96±0.001 


1.49±0.001 



Table 1. Material properties of herb extract powders 
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weighed powders. The bulk density, which is the ratio of the sample weight to the volume 
of the powdered sample, was determined by placing 30 ml of powder into a weighed 50 ml 
glass cylinder. For the tap density, a cylinder filled with the powder was tapped until a 
constant volume was reached using an Automated Tap Density Tester Model ETD-1020, 
(Electrolab, Mumbai, India), at 500 taps per minute. All measurement data are presented as 
means and standard deviations from triplicate measurements. 

2.2 Tablet compression, testing and evaluation 

A 13 mm cylindrical-uniaxial-stainless steel die (Ranning Enterprise, Selangor) was used to 
study the compression characteristics of the powdered herb extracts. The uniaxial die was 
attached to the upper moving crosshead (5 mm min- 1 ) of the Instron Testing Machine 
(Instron Corp., Canton MA). The maximum allowable force of the machine was 10 ± 0.1 kN. 
Samples comprising 0.5 g and 1.0 ± 0.01 g of powder were manually placed into the die 
using a plastic funnel. The die was cleaned with acetone prior to compression of the 
powders. The compressions were performed at room temperature between 23 °C and 26 °C 
with the humidity between 37 and 42% RH. A schematic diagram of the uniaxial die 
compression is shown in Figure 1. 

All of the tablets were numbered and wrapped in polyethylene bags placed over silica gel 
and stored in desiccators in the same laboratory where they were produced. The tablets 
were kept for tensile strength testing for at least 24 hours after compaction to allow 
consistent elastic recovery and hardening. Tablet diameter, height, mass, and volume were 
measured to obtain the density before and after compression. These procedures were 
adopted to observe signs of plastic recovery and hardening, and consequently to prevent 
false low-yield values (Odeku et al., 2005). This information was used to determine the 
essential parameters for tensile strength and for data validation using the Heckel, Kawakita 
and Liidde, and Walker models. 
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Fig. 1. A schematic diagram of a compression unit 
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The tensile strength test was carried out via a diametrical compression test and was then 
calculated (Fell and Newton, 1970). Forces at the top punch, F t/ were measured using a load 
cell (10 ± 1 kN). The stress was calculated by dividing the respective forces with the cross- 
sectional area of the die as described in equation (1) as follows: 

where F t is the tensile force (N) , d is the diameter of the tablet (m) and t is the height of 
the tablet (m). 

2.3 Models 

2.3.1 The Heckel model 

The volume reduction mechanism under the compression force was determined using the 
Heckel model for relating the relative density of the powder bed during compression to the 
applied pressure (Heckel, 1961). It is used with the assumption that powder compression 
follows a first order kinetics with the interparticulate pores as the reactants and 
densification of the powder as the product (Heckel, 1961), following the equation: 

In— 1 — = kP + A (2) 

1-Pf 

where p/ is the relative density of the powder bed at compression pressure P. 

2.3.2 The Kawakita and Liidde model 

The Kawakita and Liidde (1970/1971) model expresses the relationship between the degrees 
of volume reduction of the powder bed under compression: 

P P 1 

- = - + — (3) 

C a ab 

and, C = ^l 

where P is the compression pressure, constant a is equal to the total volume reduction for 
the powder bed and constant b is inversely related to the yield strength of the particles 
(Zhang et al., 2003), C is the degree of volume reduction, V is the initial volume of the 
powder bed and V is the powder volume after compression or volume of the tablets. 

2.3.3 The Walker model 

The compressibility of the powders and the expressed volume changes of the powder were 
analysed using the Walker model (Walker, 1923): 

V R = W InP + B (4) 

and Vt? = — 

V 
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where V is the volume of compressed powder at compression pressure P and V is the 
volume of powder before compression. Walker's constants W and B describe the 
compressibility and constant model, respectively. 

3. Results and discussion 

3.1 Tensile strength 

Figures 2 (a-b) depicts the increase in tensile strength of the tablets with increasing 
compression pressures for both 0.5 g and 1.0 g quantities of feed powder. Clear linear 
correlations between the compression pressure and tensile strength of the extract powders 
in both figures indicate a similar trend of compression characteristic. The Eurycoma longifolia 
Jack extract powder produced the strongest tablets, followed by Andrographis paniculata and 
lastly Orthosiphon stamineus, for both quantities of feed powder. Particle size and moisture 
content were found to influence the tensile strength properties of the tablets. Table 1 shows 
that although Eurycoma longifolia Jack had the largest particle size, it exhibited the highest 
tensile strength compared to the other powders. Previous studies (Fichtner et al., 2005) 
showed that small particles do not necessary give strong tablets. The amount of water 
associated with a solid at a particular relative humidity and temperature depends on its 
chemical affinity for the solid and the number of available sites of interaction, the surface 
area, and the nature of the material (Nokhodchi, 2000). The tablets formed from Orthosiphon 
stamineus with the highest moisture content showed low tensile strength and exhibited 
capping. This was probably because during compression, air was evacuated, which pushed 
the fine powders with inter-particular forces and contacts due to moisture, (Sebhatu et al., 
1997). Additionally for spray-dried lactose tablets of the highest moisture content (6.1%) 
exhibited low tensile strength (6.47±0.24 MPa). Tablets with a low tensile strength thus show 
a tendency to cap or laminate (Sebhatu et al., 1997). 
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Fig. 2. (a) The tensile strength of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus at 0.5 g of feed powders. 

These data can be supported with further measurement the Hausner ratio and the Carr index 
(Carr, 1965; Hausner, 1967). The Hausner ratio and the Carr index gave the lowest values of 
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Eurycoma longifolia Jack extract powder. The Carr index values (above 25%) and Hausner ratio 
values (greater than 1.4) for all of the powders indicated poor and difficult to achieve flow 
behaviours (Carr, 1965; Hausner, 1967). This inferred that the powders were easily 
compressible and may form strong coherent junctions between the particles (Yusof et al., 2005). 
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Fig. 2. (b) The tensile strength of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus at 1.0 g of feed powders. 
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Fig. 3. (a) Heckel plots of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus for 0.5 g of feed powders. 
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3.2 Model validations 
3.2.1 The Heckel model 

Figures 3 (a-b) shows the compression of feed powders of 0.5 g and 1.0 g quantities using 
the Heckel model to describe the compaction characteristics of the extract powders. A higher 
pf value indicates that there will be a higher volume reduction of the powder due to particle 
rearrangement (Adapa et al., 2005). Constant k is the measure of the plasticity of a 
compressed material. A larger k value indicates the onset of plastic deformation at relatively 
low pressures, thus, powders are more compressible (Adapa et al., 2005). Constant A is 
related to the die filling and particle rearrangement before deformation and bonding of the 
discrete particles. The Heckel plot enables bonding mechanism interpretation during 
compression (Zhang et al., 2003). 
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Fig. 3. (b) Heckel plots of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus for 1.0 g of feed powders. 

The slopes of the Heckel plots positively correlated with plastic deformation (Heckel, 
1961; Ramakrisnan et al., 1997). The trends of these graphs are similar to those of 
Ramakrisnan et al., (1997) for a compression study on ceramic powders. The constant 
values of the Heckel plots of the herb extract powders are displayed in Table 2. The 
reciprocal of slope k is the yield pressure (Korhonen et al., 2002). The Eurycoma longifolia 
Jack extract powder showed the highest compression values for both 0.5 g and 1.0 g 

amounts of feed powders. The yield pressure (j\ needed to induce plastic deformation 

was lowest for Eurycoma longifolia Jack extract powder. This indicates that Eurycoma 
longifolia Jack extract powder is the most compressible and easiest to deform into tablets, 
thus explaining the highest tensile strength value compared with the other two extract 
powders. The plasticity and tensile strength, however, decreased with increasing feed 
powder quantities for all extract powders as higher yield pressures were required to 
compress the extract powders (Figure 2(a)). Generally, plasticity was the highest for 
Eurycoma longifolia Jack, followed by Andrographis paniculata and lastly Orthosiphon 
stamineus, for both feed powder amounts. 
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Material 


Mass 
(g) 


Constants 


R 2 
value 


k 


Vk 


A 


Andrographis 
paniculata 


0.5 


0.005±0.000 


200±9.713 


0.798±0.018 


0.987 


Eurycoma longifolia 
Jack 


0.009±0.000 


111.111±0.000 


0.638±0.004 


0.970 


Orthosiphon stamineus 


0.004±0.001 


238.095±0.001 


0.643±0.016 


0.909 


Andrographis 
paniculata 


1.0 


0.003±0.000 


357.143±38.263 


0.660±0.000 


0.890 


Eurycoma longifolia 
Jack 


0.007±0.000 


142.857±0.000 


0.518±0.003 


0.980 


Orthosiphon stamineus 


0.003±0.001 


303.030±0.001 


0.553±0.036 


0.969 



Table 2. The Heckel model 

3.2.2 The Kawakita and Liidde model 

The Kawakita and Liidde equation is widely applicable for metallic and medical powders in 
the fields of powder metallurgy and pharmaceutics (Kawakita and Liidde, 1970/71). 
Following this equation, the particles which are subjected to a compressive force in a 
confined space are viewed as a system in equilibrium at all stages of compression, so that 
the products of the pressure term and the volume term are constants. 
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Fig. 4. (a) Kawakita and Liidde plots of tablets prepared from Eurycoma longifolia Jack, 
Andrographis paniculata and Orthosiphon stamineus for 0.5 g of feed powders. 
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Fig. 4. (b) Kawakita and Liidde plots of tablets prepared from Eurycoma longifolia Jack, 
Andrographis paniculata and Orthosiphon stamineus for 1.0 g of feed powders. 

Figures 4 (a-b) shows that the linear trends of the Kawakita and Liidde plots for 0.5 g and 
1.0 g of herbal extract feed powders were similar to the compression characteristics of 
cellulose polymers (Shivanand and Sprockel, 1992), and the trends reported by Ahmad 
(2007) for Eurycoma longifolia Jack and Andrographis paniculata ground powders at similar 
pressures and feed quantities. 

Based on the constant a, the Eurycoma longifolia Jack extract powder exhibited the highest 
volume reduction of the powder bed followed by Andrographis paniculata and Orthosiphon 
stamineus extract powders for 0.5 g of feed powders (Table 3). However, the difference 
between the a values of Andrographis paniculata and Orthosiphon stamineus was only 0.043, 
which was quite close. Likewise, this trend was similar for the 1.0 g of feed powders, except 
that they exhibited lower a values compared to the 0.5 g of feed powders. This shows that 
the ease of volume reduction is lower with an increase in the amount of feed powder. Thus, 
a smaller amount of powder can form a 'good' and coherent tablet, whilst it is more difficult 
to compress a greater amount of powder at the same pressure. 



Material 


Feed powder (g) 


Constants 


R 2 value 


a 


b 


Andrographis paniculata 


0.5 


0.496±0.003 


0.206±0.023 


0.997 


Eurycoma longifolia Jack 


0.592±0.002 


0.116±0.001 


0.986 


Orthosiphon stamineus 


0.453±0.005 


0.120±0.017 


0.998 


Andrographis paniculata 


1.0 


0.393±0.012 


0.169±0.016 


0.850 


Eurycoma longifolia Jack 


0.568±0.003 


0.062±0.001 


0.980 


Orthosiphon stamineus 


0.386±0.066 


0.072±0.041 


0.980 



Table 3. The Kawakita and Liidde model 
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This trend is similar to the trend reported by Ahmad (2007) for the compression of ground 
Eurycoma longifolia Jack at similar compression pressures and amounts of feed powders. The 
a value for 0.5 g of ground Eurycoma longifolia Jack root was 0.77 whereas at 1.0 g it was 0.69 
(Ahmad, 2007). 

Eurycoma longifolia Jack extract powder exhibited the lowest b values followed by 
Orthosiphon stamineus and Andrographis paniculata for both 0.5 g and 1.0 g of feed powders. 
However, these values were inversely related to the yield strength of the particles 
(Nordstrom et al., 2008) whereby Eurycoma longifolia Jack extract powder showed the highest 
tensile strength followed by Orthosiphon stamineus and Andrographis paniculata for both feed 
powder quantities (Figures 2 (a-b)), thus explaining the increase in yield strength with 
increasing volume reduction of the powder bed in the tablet formation. 

3.2.3 The Walker model 

The Walker (1923) model is based on the assumption that the rate of change of compression 
pressure with respect to volume is proportional to the compression pressure. Figures 5 (a-b) 
depicts the decrease in the volume of tablets made from the three different extract powders 
with increased compression pressure at various quantities of feed powder. A larger value 
for the slope Wis related to a greater amount of density in the material (Walker, 1923). The 
Walker constants W and B for each extract powder of the herbs are listed in Table 4. The 
densities decreased in the following order for 0.5 g of feed powder: Eurycoma longifolia Jack, 
Andrographis paniculata and Orthosiphon stamineus extract powders. For the 1.0 g of feed 
powder, the densities decreased from Eurycoma longifolia Jack, to Orthosiphon stamineus, and 
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Fig. 5. (a) Walker plots of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus for 0.5 g of feed powders. 
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Fig. 5. (b) Walker plots of tablets prepared from Eurycoma longifolia Jack, Andrographis 
paniculata and Orthosiphon stamineus for 1.0 g of feed powders. 

lastly the Andrographis paniculata extract powder. The high density gave the high value of 
the tensile strength, which was related to the reduction in the void space between particles 
in the powders during tablet formation with respect to the values of the slopes, which 
decreased as the tensile strength increased. 



Material 


Feed powder (g) 


Constants 


R 2 value 


W 


B 


Andrographis paniculata 


0.5 


-0.16±0.001 


2.00±0.006 


0.971 


Eurycoma longifolia Jack 


-0.24±0.001 


2.33±0.056 


0.984 


Orthosiphon stamineus 


-0.14±0.056 


2.24±0.243 


0.957 


Andrographis paniculata 


1.0 


-0.14±0.002 


1.99±0.000 


0.948 


Eurycoma longifolia Jack 


-0.31±0.001 


2.66±0.053 


0.992 


Orthosiphon stamineus 


-0.27±0.105 


2.67±0.421 


0.928 



Table 4. The Walker model 



4. Conclusion 

This study on direct compression characteristics of selected Malaysian herb extract powders 
helped to deduce and understand some of the important principles of tablet development. 
The Eurycoma longifolia Jack extract powder was the easiest of the three herb powders to 
compress, and it underwent significant particle rearrangement at low compression 
pressures, resulting in low values of yield pressure. The compression characteristics of the 
Eurycoma longifolia Jack powder were consistent when validated with all of the models used. 
Another significant finding showed that the characteristics of 0.5 g of feed powder are better 
than for 1.0 g of feed powder, as proven from the tensile strength test; hence a more 
coherent tablet can be obtained. Thus, herbal parameters are superior when screening 
extract powders with the desired properties, such as plastic deformation. This study also 
validated the use of Heckel, Kawakita and Ltidde, and Walker model parameters as 
acceptable predictors for evaluating extract powder compression characteristics. 
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1. Introduction 



In the calculation of frictional force of a flexible element such as a belt, rope or cable 
wrapped around the cylinder, the famous Euler's belt formula (Hashimoto, 2006) or simply 
known as the belt friction equation (Joseph F. Shelley, 1990) is used. The formula is useful 
for designing a belt drive or band brake (J. A. Williams, 1994). On the other hand, a belt or 
rope is conveniently used to tighten a luggage to a carrier or lift up the luggage from the 
carrier. In that case, for the sake of adjusting the belt length and keeping an appropriate 
tension during transportation, various kinds of belt buckles are used. These belt buckles 
have been devised empirically and there was no theory about why it can fix the belt. The 
first purpose of this chapter is to present the theory of belt buckle clearly by considering the 
self-locking mechanism generated by wrapping the belt on the belt. Making use of the belt 
tension for a locking mechanism, a belt buckle with no locking mechanism can be made. The 
principle and some basic property of this new belt buckle are also shown. 
The self-locking of belt may occur even in the case where a belt is wrapped on an axis two or 
more times. The second purpose of this chapter is to present the frictional property of belt 
wrapped on an axis two and three times through deriving the formulas corresponding to an 
each condition. Making use of this self-locking property of belt, a belt-type one-way clutch 
can be made (Imado, 2010). The principle and fundamental property of this new clutch are 
described. 

As the last part of this chapter, the frictional property of flexible element wrapped on a hard 
body with any contour is discussed. The frictional force can be calculated by the curvilinear 
integral of the curvature with respect to line element along the contact curve. 

2. Theory of belt buckle 

Notation 

C Magnification factor of belt tension 

F Frictional force, N 

Fij = Fji Frictional force between point P; and P ; , N 

L Distance between two cylinder centers, m 

N Normal force of belt to surface, N 

Njj= Nji Normal force of belt between point P; and P ; , N 

Pi Boundary of contact angle 

R Radius of main cylinder, m 
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r 
¥ 

e 
ft 

ftj -0]i 



Tension of belt in i'th interval, N 

Radius of accompanied cylinder, m 

Coefficient of friction for belt-cylinder contact 

Coefficient of friction for belt-belt contact 

Angle 

Angle of point P; 

Contact angle between P; and P, 



2.1 Friction of belt in belt buckle 

Figure 1 (a) shows a cross sectional view of a belt buckle and a belt wrapped around the two 
cylindrical surfaces. Ti and T4 (Ti>T4 ) are tensions of the belt at both ends. There is a 
double-layered part where the belt is wrapped over the belt. Figure 1 (b) shows the enlarged 
view around the main axis. For simplicity, the thickness of the belt was neglected. 
According to the theory of belt friction, following equations are known for belt tensions of 
Ti , T 2 and T 3 (Joseph F. Shelley, 1990) . 



V 



„/^34 



(1) 



T4' and T4" are of inner belt tension at Pi and P2 respectively. The normal force to a small 
element of the inner belt at angle 6 is denoted as dNb, which can be written as 



dN h =e^ {d ~ dl) T 2 de 



(2) 



Making use of T4' and T4", the normal forces of inner belt for an each section are expressed as 




(a) Belt buckle (b) Enlarged view 

Fig. 1. Mechanical model of belt buckle and enlarged veiw around main axis 
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dN 75 = e M(e ^ 0) T i "d0 
dN n =e^- 0) T 4 'd0 
dN 16 =e m - 0) T 4 d0 



(3) 



The frictional force between Pi and Fe is 

F 16 =^VN 16 = (^«-l)T 4 (4) 

The inner belt tension TV is the sum of the frictional force Fu and the belt tension T4. 



T< = T A +E,=e^Z 



16 ' 



(5) 



The frictional force Fu acting on the inner belt is composed of two forces denoted as Fru n 
and Fuouu The frictional force Fn\ n is acting on the cylindrical surface, which is generated by 
the normal forces dNb and dNu- The normal force dNb is exerted from the outer belt. The 
other normal force dNn is generated by the inner belt tension. So, Fru n is given by 



F 12m =j\dN b + l\dN u =(e^ -l)^2. + (^ -1)T 4 < 

J U 2 J U 2 jU b 



(6) 



Making use of Eq. (2), the frictional force Fnout acting on the belt-belt boundary can be 
written as 



h2out=\ [n i dN b ={e^-l)T 2 
The frictional force Fn is the sum of Eqs. (6) and (7). 



F 12 = (e 



Mb $12 



-1) 



Mb 



T 2 + (e f,012 -l)T i ' 



(7) 



(8) 



As the belt tension T4" is the sum of Fu and T4 , making use of Eq. (5) and (8), T4" can be 
written as 



T 4 ,, = F 12 +T 4 ' = ^ 26 T 4 +(^ 



t>m> °\2 



■1) 



1 + - 



^ 



Making use of Eq. (3), the frictional force F25 can be written as 



F 25 =^ M dN 25 =(e» ff *-l)T i » 



(9) 



(10) 



As the belt tension T3 is the sum of F25 and T4", making use of Eqs. (9) and (10), T3 can be 
expressed as 



T 3= F 25 +T 4" = e 



/"#25 J M&1 



6 T 4 +(e 



Mb On 



-i) 



Mb 



(11) 
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Substituting Eq. (1) into Eq. (11) to eliminate Ti gives 

j = £ j (12) 

3 l-e^ +0 *\e^ -1)(1 + ju/ju b ) 4 

Substituting Eq. (1) into Eq. (12) to get the relation between Ti and T4 gives 

j e e j H3) 

In the same manner from Eq. (1) to Eq. (13), in the case of Ti<T^, corresponding relation of 
Eq. (13) yields as 



f — J e v(&34 +e 5e) e ^b e n _|_ £^i6 ( e Vb e n _-\\ 



1 + A 
Mb. 



T a (14) 



2.2 Property of formulas of belt buckle 

The validity of Eqs. (13) and (14) might be checked by supposing an extreme case of either 
H=0 or ^=0. Substituting ^=0 into Eq. (13) gives 

T 1=^71T T 4 ( 15 ) 

Next, substituting ^=0 into Eq. (13) gives 

//(# 34 +# 56 ) 

T i = " 7a a J a = C e m * +05 « ) T 4 (16) 

1 l-0 12 //e^ +6 ^ 4 4 v ; 

Substituting ^=0 into Eq. (15) or substituting ^=0 into Eq. (16) gives Ti=T±. Substituting 
12 = into Eq. (13) to remove the double-layered segment on the ratio of belt tension yields 
the conventional equation of belt friction. 

T 1 = e f ' {0 " +e56) T 4t (17) 

Equation (17) is also obtained by substituting 12 = into Eq. (16). This means that the ratio 
of belt tension is magnified by the factor C 

1 

C = l-0 12M e^ + ^ (18) 

due to the double-layered segment even in the case of /^=0. As far as these inspections are 
concerned, there is no contradiction in Eq. (13). As Eqs. (13), (15) and (16) are of fractions, 
the factor of T4 might become infinity meaning T±/Ti=0. This fact virtually implies the 
occurrence of self-locking. Figure 2 shows the relation of fib and du satisfying e Mh 12 = 2 in 
Eq. (15). Self -locking occurs in the region above this curve where e Mh 12 > 2 . On the other 
hand, in the region below this curve, self-locking does not occur. In the case of ^=0, the 
equilibrium of moment of belt tension about O in Fig. 1 gives 
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Fig. 2. Boundary curve between self-locking condition and sliding condition 



T 4 = 2T 2 ■ 



(19) 



In the locking state with }i=0, T±=0 so that Ti=2T2=2T3. It means that belt tension Ti is halved 
to T2 by the belt-belt friction. 

As the angle of double-layered segment du is determined by the geometry of the buckle, 
some calculations were carried out to know the properties of Eq. (13) and Eq. (15) providing 
r/L=jR/L=l/4. The direction of belt tension Ti and T4 were assumed to be the same direction 
for simplicity. Results are shown in Figs. 3 and 4. Figure 3 corresponds to the Eq. (15) where 



100 




40 60 80 100 120 140 
Unfolding angle of buckle £, deg 



160 



Fig. 3. Change of belt tension ratio with unfolding angle £ in the case of }i=0. Belt tension 
ratio increases greatly with an increment of the coefficient of friction \i\, especially in the 
vicinity of locking condition. It is very sensitive to angle £. 
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Fig. 4. Change of belt tension ratio with unfolding angle £ in the case of /*=/*&. Belt tension 
ratio increases greatly with an increment of the coefficient of friction. 




10 20 30 40 50 

Unfolding angle of buckle £, deg 

Fig. 5. Change of belt tension ratio with unfolding angle £ in the case of ^=0. The ratio of belt 
tension changes according to Eqs. (13) or (15). 

the coefficient of friction is }i=0. The ratio of belt tension increases with an increment of the 
coefficient of friction fib- It increases greatly when it approaches the locking condition. 
Figure 4 shows some results obtained by Eq. (13) providing ^=^&. The ratio of belt tension 
becomes far bigger than the that of Fig. 3. 

Some experiments were carried out to verify the validity of Eq. (15) by wrapping a belt 
around the outer rings of rolling bearings to realize the condition of }i=0. Belt tension Ti was 
applied by the weight. Belt tension T4 was measured by the force gauge. Figure 5 shows the 
results. Experimental data are almost on the theoretical curves. As predicted by the Eq. (15), 
self-locking was confirmed for the belt with /^=0.5 in the region of £<10° where e Mh 12 > 2 . 
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2.3 Calculation of arm torque 

Figure 6 (a) shows the mechanical model of belt buckle (Imado, 2008 a). Figure 6 (b) shows a 
three-dimensional model of the buckle. The arm of the buckle rotates around the point O2. 
The angle of arm is denoted by a . The intersection angle of the line O-O2 and O2-O1 is 
denoted by p. From geometrical consideration, the angle fi is given by 

p = 7r + a-(j) (20) 

Applying the cosine theorem to the triangle OO1O2, length L is given by 

L = L 2 yl + k 1 + 2kcos(cc - (/>) , where k = L a / L 2 (21) 

The symbol g denotes the angle of line O-Oi. 

C = t-A (22) 

Applying the cosine theorem and sine theorem to the triangle OO1O2 gives 

]}+]}-]} 1 

cos P x = l 2., sin/? a = -^-sin(^ - a) (23) 

AL, Li-i Li 

Substituting Eq. (21) into Eq. (23) and substituting Eq. (23) into Eq. (22) gives 

f = ^-tan- 1 j -sin(*-a)l (24) 

[rc + cos(a - <p) J 

£ , the angle of center line O-Oi, can be calculated from the arm angle a by Eq. (24). Note 

the angle <^ is equal to a when L\ becomes 0. 

The moment of the arm about point O2 due to belt tensions T2 and T3 is expressed by 

M = c 2 T 2+ c 3 T 3 (25) 

where ci and C3 are geometrical variables that can be calculated from the position of contact 
boundaries Pi, P3, P4 and P5. Dividing the arm torque M with RTi, torque due to belt tension 
T\ about point O, gives non-dimensional moment N. 



R 



( T 2 To A 
"T a 3 T ly 



(26) 



Making use of Eq. (1), the fractions of belt tension in Eq. (26) can be calculated by 

R = J_, R = I {27) 

Figure 7 shows some examples of non-dimensional torque N. For simplicity, the coefficients 
of friction were taken to be }i=}ib- The non-dimensional torque N decreases to be negative 
value with decrement of arm angle a . It means an occurrence of directional change in arm 
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torque. This negative torque acts so as to hold the arm angle in a locking state without any 
locking mechanism. The angle where arm torque N becomes is denoted by a c . It depends 
on the geometry of buckle and the coefficients of friction ]i and z^. Making use of Eqs. (13) 
and (24), the fraction of belt tension can be calculated. Figure 8 shows some results. The 
fraction of belt tension, T4/T1, decreases with arm angle a. It becomes at a = a L . 
According to Eq. (13), the fraction of belt tension T4/T1 becomes negative when arm angle a 
becomes less than a L , a < a L . The physical meaning of negative value in the fraction of belt 
tension is that the belt tension T4 should be compressive so as to satisfy the equilibrium 
condition of the force. But a belt cannot bear compressive force so that negative value in the 
fraction of belt tension is actually unrealistic. It means the belt was locked with the buckle. 
The angle a L becomes larger with an increment of the coefficients of friction. As the 
coefficient of friction is generally greater than 0.15, the locking condition is easily satisfied. 
Once the locking condition is satisfied, the belt is dragged into the buckle with a decrement 
of arm angle a . Then the belt tension becomes greater. 



secondary axis 




frame 



Fig. 6. Mechanical model of belt buckle to calculate arm torque and 3D model 

3. Theory of belt friction in over-wrapped condition 

3.1 Friction of belt wrapped two times around an axis 

Figure 9 shows a mechanical model (Imado, 2008 b). The point P/ (z=l, 2, 3) is a boundary of 
contact and T z (z=l, 2, 3, 4) is tension of the belt. Symbol ft denotes the angle of point P; . The 
belt is over- wrapped around the belt in the range from Pi to P2 denoted by 61. The axis x is 
taken so as to pass through the point P2, which is an end of the belt. Ti is bigger than T4. T4 is 
an imaginary belt tension. There is no contact from P2 to P3 due to the thickness of the belt- 
end. According to the theory of belt friction (Joseph F. Shelley, 1990), analysis starts with the 
conventional equation. 



T 1=e ^T 2 = e Mb01 T 3 



(28) 
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Fig. 7. Non-dimensional arm toruque N decreases with arm angle a 



K 0.4 



c 
o 

c 



0.3 



_£ 0.2 

<+- 

O 

c 
o 

■■s 0.1 



0.0 









L^ = L L=2 R ^ =45 o 
L, R 












0.15 








! H= 


|a=|ab= 




H 


=|^b=0.1 

! \ 






i 


\ 

aL 


V^^ aL 

i i 






aL j / 

s i i i 



30 60 90 

Angle of arm a , deg 



120 



150 



Fig. 8. Fraction of belt tension T4/T1 decreases with arm angle a 
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Fig. 9. Mechanical model of belt wrapped two times around an axis 

The belt tension Ti or T3 can be expressed by the belt tension T3 ', where T3 is inner belt 
tension at the point Pi as shown in Fig. 9. 



Making use of Eqs. (28) and (29), Ti can be expressed as 



T 1= e 



(rtA +/<(#, -0i ))- 



(29) 



(30) 



The inner belt is normally pressed onto the cylinder by the outer belt. The normal force to a 
small segment of the inner belt at angle 6 denoted by dNb is 



dN b =e Mb %d& 



(31) 



On the other hand, the normal force is also generated by inner belt tension itself. The normal 
force exerted on the cylinder between Pi and Pj is denoted by Njj. Normal force acting to a 
small segment of the cylinder at angle 6 is given by 



dN 21 = e»%dO 



(32) 



Then, making use of Eqs. (31) and (32), the frictional force between the inner belt and 
cylinder denoted by Fmn is given by 



J0 J0 Mb 



(33) 



Denoting the radius of cylinder by r and neglecting the thickness of the belt, the equilibrium 
equation of moment of the cylinder is 



T ir = (Fl2in +F 13 +T ±) r 



(34) 
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Here, the frictional force F13 exerted on the surface between Pi and P3 is given by 

F 13 = M \l 3 e^ -^T 3 <d6> = {e^-^-l}T 3 < (35) 

Substituting Eqs. (33) and (35) into Eq. (34) gives 

T 1 =(e**-l)^ + {e* { *-* ) -l}T 3 t +e f * l T 4i (36) 

Mb 

Substituting T2 and T3 r in Eq. (36) as functions of Ti by making use of Eqs. (28) and (30) gives 

Ti = 7 x T, (37) 



(1-e* 01 



JL. 

Mb 



_ e -i*{e z -e x ) 



This is the targeted equation that expresses the relation between T\ and T4. 
Equation (37) can be checked by supposing an extreme case of either ji=0 or ^=0. 
Substituting ^=0 into Eq. (37) gives Ti=T4 as a matter of course. Substituting of ^=0 into Eq. 
(37) requires limiting operation. 

\im(l-e Mb9l )-^ = - J u0 1 (38) 

^->o Mb 

Making use of Eq. (38), Eq. (37) becomes Eq. (39) for the case of ^=0. 

Tl = - M+ e-^^)^ (39) 

Equation (39) implies the belt may be locked firmly around an axis when the denominator 
of the fraction in Eq. (39) becomes 0. Substituting }i=0 into Eq. (39) gives Ti=T4 again as a 
matter of course. 
Substituting ]i=]ib into Eq. (37) gives 

T 1 =e ft{ ° 1+ ** ) T A (40) 

Equation (40) is exactly the same form as the Euler's belt formula though was derived from 
the expression that took an effect of over-wrapping of belt into account. Equation (40) 
implies that the belt cannot be locked on the cylinder as far as the wrapping angle is finite. 
Letting ft=0 in Eq. (37) to eliminate the over-wrapping part gives 

T^e^T^ (41) 

This is the well-known Euler's belt formula. So the Euler r s belt formula was proved to be 

included as a special case in Eq. (37). Equation (41) can also be obtained from Eqs. (39) and 

(40). 

Next, let's consider some locking conditions. According to Eq. (37), the belt tension ratio 

T4 / Ti can be expressed as 
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(42) 

The locking condition is satisfied when the numerator of Eq. (42) becomes meaning T4 =0. 
So, the discriminant of locking condition can be expressed as 

r = (1 - e^ e 1 ) {- - 1) + <T^ 3 ^ l} (43) 



Locking condition is satisfied in the case of T<0. Critical point is T=0. Here, k denotes a ratio 
of the coefficient of friction. 

k = juJju (44) 

As e Kfi01 >1 and e~^ 3_ *' >0 , k should be less than unity to make the value of locking 
discriminant of Eq. (43) be T<0. As can be seen in Fig. 9, the angle 63 is smaller than 2n due to 
the thickness of the belt. From geometrical consideration in Fig. 9, following equation is 
obtained. 

r t 

cosa = «1 — (45) 

r + t r 

Here, t is thickness of the belt and r is a radius of the cylinder. When angle a is small, the 
angle a can be roughly estimated by 

a * yjlt/r (46) 

Supposing the angle of non-contact is a =15°, the corresponding critical locking condition 
can be evaluated by solving Eq. (43). Figure 10 shows some solutions. The critical angle of 
belt locking d\ decreases with an increment of the coefficient of friction \i. Provided the 
coefficient of friction is constant, the critical angle of belt locking d\ increases with an 
increment of k. This fact means that the belt is likely to lock with a decrement of k. So the 
smaller coefficient of friction ]i\, is preferable for self-locking. The limiting condition for the 
belt locking is k =0 or ^=0. 

Figure 11 illustrates the effect of k on the fraction of belt tension T4/T1 for the case of ^=0.3 
and 03=345°. Making use of Eq. (41), the convergence point is calculated. It is T4/T1 =exp(- 
^03)^0.164. It is clear that the fraction of belt tension T4/T1 is greatly influenced by the 
magnitude of k, /*&//*. The belt tension ratio T4/T1 decreases with an increment of over- 
wrapping angle 61 except for the case of k=1.4. When k > 1 , the fraction of belt tension is 
always positive, so that the self-locking never occurs. Provided ft=360°, #3=345° and ^=0.3, 
the critical ratio of the coefficient of friction k c for the self-locking with two times over- 
wrapping condition was calculated by using the discriminant Eq. (43). It was k c =0.735. The 
corresponding line was plotted with a dashed line in Fig. 11. The magnitude of k should be 
smaller than k c to cause the self-locking. 

Figure 12 shows a method by which the coefficient of friction between the belt and belt can 
be reduced so as to satisfy the self-locking condition. When a polyethylene film was 
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wrapped together with belt, an occurrence of self-locking was confirmed. But self-locking 
never occurred without polyethylene film. 
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Fig. 10. Change of critical over-wrapping angle Q\ for self-locking with ratio of the 
coefficients of friction k. 
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Fig. 11. Fraction of belt tension T4 /Ti decreases rapidly with increment of over- wrapping 
angle 61 for the case of smaller k. 
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polyethylene film 
cylinder 




Fig. 12. Polyethylene film was wrapped together with belt to reduce the coefficient of 
friction /^. Self-locking was recognized in experiment with polyethylene film. But it never 
occurred without polyethylene film. 

3.2 Friction of belt wrapped three times around axis 

A belt can be wrapped more than two times around an axis. Let us consider the case where a 
belt is wrapped three times around an axis as shown in Fig. 13. The point Pi (z=l, 2, 3) is a 
boundary of contact. Tension of belt is denoted by T\ (z=l, 2, 3, 4) or T{ and T\>T±. There are 
two kinds of the coefficients of friction u and z^. z^ is the coefficient of friction between belt 
and belt. The belt does not in contact with the axis from the point P2 to P3 due to the 
thickness of belt-end. In order to consider the equation of belt friction, the belt is divided 
into 5 sections from outside to inside as a, b, c, d and e in terms of frictional force as shown 
in Fig. 14. The frictional force working on an each section is expressed by either F s i or F so , 
where the first subscript s means the name of section and the second subscript i means 
inside and means outside respectively. Note that F s ; works clockwisely and F so works in a 
counter-clockwise direction. Considering the equilibrium of the force in an each section, 
following equations are obtained. 

T 1 =F m +T 2 (47) 

r3=r 2 =F w+ 7v (48) 

T,' = F ci -F co +T 2 < (49) 

T 3 , = T 2 1 = F (fi -F lto + r 1 » (50) 

T," = F a -F w+ T 4 (51) 

Denothing the normal force from the section a to c by N ac , the normal force acting to a small 
segment at angle 6 is given by 

dN ac = e» b %dO (52) 

Frictional force F a i is calculated by integrating Eq. (52). 

F a ,=j°l oMh dN ac =(e^-l)T 2 (53) 



Frictional Property of Flexible Element 



249 




Fig. 13. Mechanical model of belt wrapped three times around an axis 




Fig. 14. Mechanical model with frictional force direction and the coefficients of friction 
corresponding to an each section. 

In the same manner, infinitesimal normal force from the section b belt to d belt is given by 



dN bd =e Mh[ x) T x x d6 



Frictional force Fu is calculated by integrating Eq. (54) 



(54) 
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F bt =\y b dN M =\y/^\'de = {e^^-l)T: (55) 

Making use of Eq. (52), infinitesimal normal force from section c belt to e belt is given by 

dN ce = e* e T 2 ' d6 + dN ac = e^% ' dO + e^%d0 (56) 

Frictional force F C i is calculated by integrating Eq. (56). 

F a =l 6 ; Mb dN a =j^ b e^(T 2 ' + T 2 )d0 = (e^ -l)(T 2 '+T 2 ) (57) 

Making use of Eq. (54), infinitesimal normal force from section d belt to the axis is given by 

dN d =e M(e - e \"dO + dN bd =e M(e ~ 6l) T^de + e Mh{e ~ e \'dO (58) 

Frictional force Fdi is calculated by integrating Eq. (58). 

F di =\ e ;ndN d =\ly[e^- e \« + e^ e - e \ ')^ = ( e "^'> -l)^^'' -l)i^' (59) 

Making use of Eq. (56), infinitesimal normal force from section e belt to the axis is given by 

dN e = e^%d0 + dN ce = e M %d0 + e^% ' dO + e^%d0 (60) 

Then, the frictional force F e \ is given by 

F ei =\*MdN e = ^ M (e"% + e^T 2 '+e^T 2 )d0 = (e^ -l)T 4 +(e^ -l)(T 2 +T 2 ')^- (61) 

Neglecting the thickness of the belt, the equilibrium requirement of the moment gives 

T 1 =F di +F ei+ T i (62) 

Substituting Eqs. (59) and (61) into Eq. (62) gives 

T x = (*"(''-*) - 1)7; "+ le"^ - 1)^-7; '+ (e»« - \)(T 2 + T 2 ')^ + e"*T 4 (63) 

\ / \ J ju b v ' ju b 

The belt tensions TV, Ti", T2 and T2' in Eq. (63) should be expressed by the function of T4. 
From the law of action and reaction, 

F m =F ai , F eo =F a , F do =F bl (64) 

Substituting Eqs. (53), (55), (57), (59) and (61) into Eqs. (47) to (51) give 

T 1 =F ai +T 2 =e^T 2 (65) 

T2=Ti=Fbj+T ^ = e M»^) T ^ (66) 

T 1 ' = F ci -F C0 +T 2 ' = (e MA -l)(T 2 , + T 2 )-(e /, "' ?1 -l)T 2 + ^ 2 , = e / '<' ( ' 1 T 2 , (67) 
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T r = T' = F -F +T" = F -F +T" = e M ^ 3 e ^T 

A 3 1 2 1 di 1 do^ 1 \ L di 1 bi^ 1 \ e 1 i 



" + ( e -c-"') -i) 






T< (68) 



T l " = F ei ~ Feo + Ti = {e MA - 1) — - 1 P*2 + T 2 ') + ^ T 4 

\Pb J 



(69) 



Making use of Eqs. (65), (66) and (67) gives, 



T *(«^) T , =e <^) T , 



(70) 



Substituting Eq. (68) into Eq. (70) and making use of Eq. (67) gives 



T = e » b {e l+ e,) j e n(9*-9 x ) T , l+ in h {e,-e x ) _ \ 



M h 



e Mbdl T 2 ' 



(71) 



Making use of Eqs. (65), (66) and (67) gives 



7V = 



(72) 



Substituting Eq. (72) into Eq. (71) gives 



T =e fb(W*Yfa-0i) T n +( fi>0i L*>( e *- e i) _i 



f \ 

M b 



Rearranging Eq. (73) gives, 



(73) 



-(e^-e^) 



T"-- 



M 



-T = AT 

Mb (d l+ d i ) +M (d i -d l ) i i 



(74) 



Making use of Eqs. (65) and (72) gives 



2 2 ftfC.+Cj) 



(75) 



Substituting Eq. (75) into Eq. (69) gives 

(^ 3 +l)(^-l)^ 



T"-- 



JL 

\M h j 



»M°i 



Mb(0i+e 3 ) 



(76) 



Substituting Eq. (76) into the left hand side of Eq. (74) gives, 
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^-7 
A* 



( e '" A +;)(/'"' -;) 



/^/ 



M°* + *3) 



T 1 +e M ° 1 T 4 =BT 1 +e M ] T 4 



/_(</** _e^)|^_; 



// 6 (^ + ^) +/ /(^-^) 



7>^ 



(77) 



Equation (77) can be written in the form of 



Tf 



A-B' 



where 



'-(■"*-"(£-) , U ,) K^')r-) 



/l 6 (^+^)+^3-^l) 



^4^i + ^) 



(78) 



(79) 



Eqs. (78) and (79) are the targeted equations that express the relation between Ti and T4 in 
the case of a belt wrapped three times around an axis . 



3.3 Characteristics of belt friction equation with three times wrapping around axis 

The equation derived in the previous section seems complex. It can be checked by assuming 
some extreme cases such as ^=0, ^=0 and }i=}ib- In the case of ^=0, Eq. (79) becomes, 



A — 7- — —\ , B = — 



Mb(6i+6 3 ) 



„vM+d,) 



(80) 



then 



A-B = - 






= 1 



(81) 



Substituting Eq. (81) and n=0 into Eq. (78) gives Ti=T±. 

In the case of ^=0, limiting operations are required. For the term A in Eq. (79), 



lim^-( e ^- e ^) = //(^-^) 



(82) 



For the term B in Eq. (79), 






(83) 



Then Eq. (79) becomes, 



\-ju(e,-e x ) 

A = — V ,„ — \ B = 2 J u0 l 



ju 10,-0,) 



(84) 
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Substituting Eq. (84) into (78) gives 

U0 3 

T, = 1 " ; ^T 4 (85) 



\-ju[e,-e x +2e/^~ ei) \ 



In order to consider the smallest wrapping angle of three times wrapping, substituting ft=0 
into Eq. (85) gives, 

^fy^ (86) 

On the other hand, substituting 61=63 into Eq. (85) gives, 

T i=— T 4 (87) 

Equation (87) shows the relation of belt tension with the largest wrapping angle of three 
times wrapping. The locking condition is satisfied when the denominator of Eqs. (86) and 
(87) become 0, so that in the case of 61=63, only 1/2 of the coefficient of friction is required 
for self locking in compared with the case of ft=0. 
In the case of ]ib = ]i, Eq. (79) becomes, 

J l B = (88) 



2/i0. 

e 



so that Eq. (78) becomes, 



u6 x 



e__ . m(W 3 ) (g9) 

A-B 



Substituting 6i=0 into Eq. (89) gives, 

Tl=e ^T A (90) 

Substituting 61=63 into Eq. (89) gives, 

T a = e 3// ^ 3 T 4 (91) 

Note the magnitude of the wrapping angle of Eqs. (90) and (91). They are exactly the same 
form as the Euler's belt formula though they were derived considering the effect of over- 
wrapping of belt on belt friction. 

Next, Substituting 6i=0 into Eq. (79) provided the boundary of two and three times over- 
wrapping of belt gives, 



i+(i -***) 






A = a( \ n I , 5 = (92) 
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then Eq. (78) becomes 



3 (v+{i b ) 



ll_ ^B 4 " 



(1-e 



Mb&3" 



Mb 



(93) 



On the other hand, substituting 61=63 into Eq. (37) in the section 3.1 that was the equation for 
two times over-wrapping conditions gives, 



Mju+ju h ) 



(1 



_ pVb$3 



Mb 



(94) 



+ 1 



Equation (93) is completely corresponding to Eq. (94) so that both equations are continuous. 
Figures 15 and 16 show some calculated results by using Eqs. (37), (78) and (79). Figure 15 is 
of ji=0.25 and 03=350°. With an increment of k, namely with an increment of ]ib, the ratio of 
belt tension T4/T1 increases. Self-locking occurs with wrap angle less than 720° in the case of 
k=0.5 and 0.6, so that they were calculated by Eq. (37). On the other hand, in the case of 
k=0.7, 0.8 and 0.9, the wrap angle less than 720° is not enough for self-locking to occur. They 
requires wrap angle greater than 720° so that they were calculated by Eqs. (78) and (79). 
Figure 16 is of ^=0.2 and #3=350°. All of them require wrap angle greater than 720° to enter 
the self-locking condition. 

The threshold of self-locking for three times wrapped belt is obtained by equating A to B in 
Eq. (79). 



-ll{(e** +l)(e*'' -l)e M{e '- e ' ] +e^ -e**}=l 



(95) 
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Fig. 15. Change of belt tension ratio with wrap angle 
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Fig. 16. Change of belt tension ratio with wrap angle 
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Fig. 17. Change of critical angle for self-locking with ratio of the coefficients of friction 

Equation (95) is the discriminant of the self-locking condition for three times wrapped belt. 
When the coefficients of friction \i, jit and the angle 63 are given, the magnitude of critical 
angle Q\ necessary for self-locking is calculated by solving Eq. (95). Figure 17 shows some 
solutions of Eq. (95) with angle 03=350°. If an angle 63 and the coefficient of frictions ]i and ]i\, 
are given, self-locking occurs with the wrap angle 0i over the corresponding curve. But it 
does not occur with wrap angle ft under the corresponding curve. According to Fig. 17, it is 
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clearly seen that wrap angle ft becomes larger with an increment of k. It also becomes larger 
with a decrement of the coefficient of friction \i. Provided k is small enough, it is noticeable 
that the self-locking occurs theoretically even with these small coefficients of friction. 

4. Novel clutch utilizing self-locking property of belt 

Paying attention to the self-locking property of belt as described in the previous section, a 
novel clutch mechanism can be developed (Imado et al., 2010). Figure 18 shows a simplified 
three-dimensional image of the novel clutch. Figure 19 shows a cross sectional view of the 
clutch. Rotational torque is transmitted from the power ring to the inner axis by the belt. In 
declutching condition, a belt is only rotating with the power ring. Due to the centrifugal 
force or some restitutive property of belt, the belt is pressed against the internal face of the 
power ring. To transmit the rotation of power ring to the internal axis, the sleeve on the 
inner axis is slid along the axis to push the end face of the trigger pin that is attached at the 
end of the belt and rotating with the power ring. As the sleeve is rotating with the same 
angular speed of the inner axis, the frictional force to the trigger pin drags the belt so as to 
coil around the inner axis. The trigger pin works as a synchronizer. As soon as the belt 
comes in contact with the axis, the belt coils automatically around the axis by the frictional 
force between the belt and axis. Then due to the self-locking property of belt, the rotation of 
the power ring is transmitted to the inner axis without any slip as far as self-locking 



Power ring 




Fig. 18. Three-dimensional image of novel clutch. Rotational torque is transmitted from 
power ring to inner axis by self-locking belt. 
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Power 




Fig. 19. Cross section of novel clutch 




Fig. 20. Frontal views of main part of belt-type clutch in (a) locked-up condition and (b) 
unlocked condition 

condition is satisfied. As long as driving torque is applied, the self-locking state is 
maintained. Semi-locking state can be realized by adjusting the over- wrapping angle of the 
belt. When the rotational speed of the power ring becomes smaller than that of the inner 
axis, the rotation of the inner axis uncoils the belt so that declutching occurs automatically. 
Figure 20 shows frontal views of the main part of the clutch in a state of locked-up condition 
and unlocked condition respectively. From the mechanical point of view, an accurate 
centering operation is required in assembling individual rotational machine components. 
Because the torque is transmitted through a flexible belt, this delicate centering operation is 
not so strictly required for this novel clutch. The belt-type clutch works even in the case 
where a power ring and an inner axes are either slightly off -centered or inclined with each 
other. 

Figure 21 shows prototype clutch. Brake torque can be applied by the belt brake. It was 
confirmed experimentally that rotational torque could be transmitted without any slip 
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Fig. 21. Photograph of belt- type clutch 

where there was an eccentricity. A steel belt with 12 mm wide and 0.12 mm in thickness was 
used in the prototype clutch. In order to reduce the coefficient of friction between belt and 
belt jib, a small amount of grease of molybdenum disulfide, M0S2, was spread between the 
belt and belt. Test condition was summarized in Table 1. According to Eq. (43), the critical 
wrap angle Q\ of the clutch in Fig. 9 was 105° as shown in Table 1. Considering unsteadiness 
of the coefficients of friction, two kinds of experiments were carried out. One was of #i=90°, 
the other was of ft=120°. Then, self-locking occurred in the case of wrap angle ft=120°. On 
the other hand, self-locking never occurred in the case of Q\ =90°. As far as this experimental 
result was concerned, the validity of Eq. (43) was verified. 



Item 




Rotational speed 


60 rpm 


Diameter of power ring 


89 mm 


Diameter of inner axis 


30 mm 


Width of steel belt 


12 mm 


Thickness of steel belt 


0.12 mm 


Coefficient of friction ji 


0.25 


Coefficient of friction with M0S2 grease ji b 


0.074 


Maximum center offset 


8.2 mm 


Critical over-wrap angle B 1 


105° 



Table 1. Dimensions of clutch and the coefficients of friction 



5. Generalization of belt/rope friction formula 

The belt formula written in a text, it is usually explained by a figure illustrating a flexible 
element partially wrapped on a cylindrical surface. But actually there are many kinds of 
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surface. So far, frictional force calculation of a flexible element to these surfaces has not been 
clearly explained in a text. In this section, the friction of flexible element in the generalized 
condition is studied. Fige 22 shows a belt wrapped around an arbitrary surface. The 
equilibrium equation of the force acting to an infinitesimal line element ds is (Hashimoto, 2006) 



judO- 



dT 



(96) 



Let denote the curvature and the radius of curvature by k and p respectively. The small wrap 
angle dd can be written as 



d6 = —ds = feds 
P 



Substituting Eq. (97) into Eq. (96) gives 



juKds = 



dT 



(97) 



(98) 



Equation (98) means that the friction of a flexible element on a generalized curve can be 
evaluated by line integral of the curvature with respect to curvilinear length s. 




Fig. 22. Flexible element wrapped around body of arbitrary profile 



Now, a position vector r of a curve C in parametric expression with t is 

r(t) = x(t)i + y(t)) + z(t)k 



(99) 



Differential coefficient with respect to the parameter t is expressed as r or i. On the other 
hand, the differential coefficient with respect to curvilinear length s is expressed as r' or x' . 
The unit tangential vector u , curvature k and a line element ds of the curve C are (Yano & 
Ishihara, 1964) 



r xi + yi + zk 
u = -r-r = — r J} = 
r U.2 , v.2 , a2 



Jx" +y" +z 
^(r-r)(r-r)-(r-r) 



(*■*)' 



■\3/2 



ds = \r\dt 



(100) 



(101) 
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For a plane curve of z=0 in Eq. (99), substituting Eq. (99) into Eq. (101) gives 



xy-xy 



■ / ds = yj: 



> 2 + y 2 ) 3/2 

Substituting Eq. (102) into the left side of Eq. (98) gives 



juKds = ju-^ y dt 

* +y 



x 2 + y 2 dt 



(102) 



(103) 



The unit principal normal vector m of the curve C is given by the formula (Yano & Ishihara, 
1964) 



u' du dt ,, ,, 

m = - — - = /ii' 

u1 dt ds 



Making use of Eq. (100) gives 



(x 2 +f? 



{y(xy-xy)i + x(xy-xy))} 



i ,i xy-xy m 72 

^=J^ff^ x +y =K 

Substituting Eqs. (105) and (106) into Eq. (104) gives 



Jx^f 



(104) 

(105) 
(106) 

(107) 



Here, the direction of the vector m is toward the center of curvature. Then, an outward 
normal vector n can be defined as 



yi-x) 
n = -m=— — 



^/^ I 



The direction of the normal vector n is denoted by 6 



'-tan 



X 



(108) 



(109) 



Differentiating Eq. (109) with respect to t gives 



xy-xy 

•2 -2 

x +y 



Comparing Eq. (110) with Eq. (103) gives 



juKds = ju-^z \dt = juOdt 

x +y 



(110) 



(in) 
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Hence, making use of Eq. (Ill), integration of Eq. (98) becomes 

\nKds = \n9dt = n{e 1 -9 1 ) = log(T 2 /7i) (112) 

Equation (112) means that fraction of belt tension is determined by angular difference of the 
outward normal vectors at the contact boundaries and is unrelated to the intermediate 
profile. Equation (98) might be applied to the three dimensional problems. 
As an example, let's consider a rope spirally wrapped around a cylinder with radius a. The 
parametric expression of a spiral with parameter t is (Yano & Ishihara, 1964) 

x = acost, y = asint, z = bt (113) 

Substituting Eq. (113) into Eqs. (99) and (101) gives 

K = a/(a 2 + b 2 }, ds = ja 2 +b 2 dt (114) 

Substituting Eq. (114) into Eq. (98) and integrating with respect to the parameter t from t\ to 
ti gives 

^expL . 1 (t 2 - tl )\ (115) 



T i I p + {b/af 



The member ti-h in Eq. (115) is usually a wrap angle for a plane problem. But it is not wrap 
angle in the three dimensional problem. In the case of b=0, Eq. (115) becomes well known 
Euler's belt formula. On the other hand, when b becomes infinity, Eq. (115) yields Ti=T2. 
Hence, for a three-dimensional problem, the frictional force of a rope is influenced on a way 
of wrapping. Figure 23 (a) shows some results of calculation of Eq. (115) provided h=0 and 
t2=2njr. Tension ratio T2/T1 decreases with an increment of the fraction of b/a. 
Let's consider another example of a modified spiral defined by Eq. (116). 

1 )bt (116) 



x = acost, y = asint, z = \l 

y 4n7rJ 

According to Eq. (116), it can be seen that the velocity component in z direction decreases 
linearly with parameter t and becomes at t=2nji. The components of Eq. (101) for the curve 
of Eq. (116) are 



2 („ t f 72 - •• 2 ( M ■ •• b 2 (t-2nn) 

--a 2 +\l U 2 , r-r = a 2 +\ , r-r= v 9 9 ; 

^ Inn) ylnn) ^n 2 n 2 



(117) 



Substituting Eq. (117) into Eq. (101) gives 



aUa 2 n 2 7r 2 + b 2 (l + ±n 2 n 2 - ±nnt + 1 2 ) 



f \ 2 1 2 

2,h * 1.2 



In/rU +\ 1 

2U7T 



, ds=y+(i — —) b 2 dt (us) 
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Fig. 23. Change of tension ratio T2/T1 with coefficient ratio b/a of spiral 

Substituting Eq. (118) into Eq. (98) and integrating with respect to parameter t from h=0 to 
t2=2rm gives 



log 



V^i 



:/ V og 



^p 



v 



Ji + /3 2 y 2 + r 2 -r 



f 


+ tan -1 


V 



/?r 2 



Ji + pY + y 2 



(119) 



where y = b / a, p =1 / (Inx) 

Considering the case of y=0, namely b=0 of Eq. (119) requires limiting operation. 



lim — log 

y^O fly 



j^Tp 



V 



7^7 



2 2 2 

y +y -y 



■ jLtlrm 



(120) 



Hence, the result of plane problem is included as a special case of y=0 in Eq. (119). Figure 23 
(b) shows some results of calculation of Eq. (119). The tension ratio of T2/T1 in Fig. 23 (b) 
becomes larger than that of the corresponding value of Fig. 23 (a). 
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Fig. 24. Experimental method to evaluate the coefficient of friction of string wrapped 
spirally around cylinder 



n 


L, mm 


b/a 


P 


2 


70 


0.8913 


0.143 


2 


140 


1.7825 


0.144 


3 


110 


0.9337 


0.142 


3 


250 


2.1221 


0.134 


4 


245 


1.5597 


0.151 



Table 2. Summary of experimental result to evaluate the coefficient of friction of string 
wrapped spirally around cylinder 

In order to confirm the validity of Eq. (119), simple experiments were carried out. Figure 24 
shows experimental method. The diameter of the pipe was 25 mm. The string of 1.8 mm in 
diameter was wrapped around the pipe in a way according to Eq. (116) by using a steel 
scale. The weight of 98 N was hung at the end of the string. The other end of the string was 
connected to the force gauge that was fixed firmly to the stay. The weight was lifted up by 
hand at first. Then the weight was released quietly and string tension was measured by the 
force gauge. As the parameter t in Eq. (116) was taken from t=0 at z=0 to t=2nji at z=L, the 
constant b in Eq. (116) can be calculated by b=L/(wi). The coefficient of friction was 
calculated by Eq. (119). Experimental results are summarized in Table 2. Because almost 
same values were obtained regardless of the test condition, the validity of Eq. (119) was 
confirmed. 



6. Closure 

Frictional property of a flexible element was considered in this chapter. The theory of belt 
buckle has been clarified by considering an effect of over-wrapping of belt on belt friction. 
Frictional fixation of the belt buckle is caused by self-locking property of belt friction. Self- 



264 New Tribological Ways 

locking occurs even in the case where a belt is wrapped around an axis two or more times. 
Two conditions are required to bring about self-locking. One is smaller coefficient of belt- 
belt friction than that of belt-axis friction. The other is larger wrap angle than the critical 
wrap angle. Utilizing the self -locking property of belt, a novel one-way clutch was 
developed. The problem of this clutch is how to get the smaller and stable coefficient of belt- 
belt friction for long time use. Friction of a flexible element wrapped around a generalized 
profile was studied. However, the friction of twisted flexible element in a thread, rope and 
wire has not been clarified yet. Further research is required. 
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1. Introduction 

We will select and decide to buy our clothes not only by looking at the design and colour of 
the clothes, but also by handling the cloth. And for the people which their skin has any 
trouble, the surface friction property of fabrics is important. It is known that the fabric 
handle judged by hand is affected by the mechanical properties, surface property and the 
thermal and water transfer properties of the fabrics. The objective evaluation equations are 
developed by Kawabata and Niwa [1]. 

Figure 1 shows the factors concerning for the performance of clothing. The factors of the 
properties of clothing are the structure of clothing and the properties of fabrics. And the 
factors of the properties of fabrics are the structure of the fabrics and the properties of yarn, 
and the factors of the properties of yarn are the structure of the yarns and the properties of 
fiber. 

In the objective evaluation equations of hand value, especially, NUMERI and FUKURAMI, 
the effects of surface properties is so large. In this study, objectives are to be remarkable 
about three points. At first, the friction properties of fabrics which differ from the kinds of 
fiber, yarn counts, and yarn density, secondly, the friction properties of the human skin and 
next, the friction properties between human skin and the fabrics are experienced. 
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Fig. 1. The factors for properties of clothing 
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2. Experimental 

2.1 Surface friction properties of fabrics 
2.1.1 Measuring method 

The surface friction properties of fabrics are measured by KES-SE surface friction tester as 
shown in Figure 2. Figure 3 shows the friction contactor. It consists of the twenty steel wires 
of which the diameter is 0.5 mm and the fingerprint is simulated. The contact area is 10mm x 
10mm, and the contact load is 0.5N. The scan speed of the tester is 1 mm/ sec. Measuring 
characteristics values are coefficients of the surface friction, Mill and the standard deviation 
of Mill, MMD. This tester is used in all experiments. 




Fig. 2. KES-SE surface friction tester 




Fig. 3. Friction contactor 



2.1.2 Samples 

The properties of the fabrics are affected by the yarn properties and the structure of the 
fabrics. And the yarn properties are affected by the properties of fibers and the structure of 
the yarns. In these experiments, the samples are composed of different fibers as shown in 
Table 1. Another samples are shown in Table 2. Yarn counts of these samples are same, but 
yarn density is different in these groups. 
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symbol 


Fiber 




Yarn 


Yarn counts 
tex(=xlO- 5 N/m) 








structure 


warp 


weft 


SC 


Natural 


cotton 


staple 


14.8 


14.8 


SL 


fiber 


linen 


staple 


7.4 


7.4 


SW 


wool 


staple 


14.1 


12.3 


SS 




silk 


staple 


8.4 


8.4 


FN 


Synethetic 


nylon 


filament 


7.8 


7.8 


FP 


fiber 


polyester 


filament 


5.6 


8.3 


SA 




acrylic 


staple 


11.4 


11.4 



Table 1. Samples for fabric consisted of various fibers 



symbol Fiber Yarn counts Yarn density 

tex(=xlO- 5 N/m) ends/cm picks/cm 



CI 


cotton 


14.8 


43.0 


30.4 


C2 


(staple) 


14.8 


34.6 


30.0 


C3 




14.8 


43.0 


20.2 


C4 




14.8 


33.2 


20.0 


C5 


cotton 


7.4 


47.0 


39.0 


C6 


(staple) 


7.4 


46.2 


30.0 


C7 




7.4 


33.6 


30.4 


C8 




7.4 


45.8 


20.4 


PI 


polyester 


16.7 


38.7 


40.1 


P2 


(filament) 


16.7 


37.3 


35.5 


P3 




16.7 


36.3 


31.7 


P4 




16.7 


36.1 


27.5 



Table 2. Samples for fabric which are different density 



2.2 Surface friction properties of human skin 

Surface friction properties, Mill and MMD of human skin of twenty-six subjects in their 
twenties are measured by KES-SE. in Figure 2. Figure 4 shows the measurement of human 
skin and the figure 5 shows the example of the measurement result of the surface friction. 
And moisture regain of the skin also is measured as shown in figure 6. 
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Fig. 4. Measurement of surface friction properties of human skin 
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Fig. 5. The example of the measurement result of the surface friction 




Fig. 6. The measurement of moisture regain of human skin 

2.3 Friction properties between Human skin and fabric 

Friction properties, that is, coefficients of the surface friction, MIU and the standard deviation, 
MMD of human skin of twenty-six subjects in their twenties are measured by KES-SE using 
contactor with fabrics between Human skin and fabric. Figure 7 shows the contactor. 
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The mounted fabrics are two knitted fabrics and two woven fabrics. The MIU and MMD of 
each fabric are shown in Table 3. MIUs of K2 and W2 are larger than Kl and Wl, respectively. 




Fig. 7. Surface contactor mounted with fabric 



sample 


structure 


fiber 


MIU 
Ave. SD 


MMD 
Ave. SD 


thickness weight 
mm mg/cm 2 


Kl 
K2 


rib knitted 

plain 

knitted 


cotton 100% 
cotton 100% 


0.163 0.016 
0.273 0.037 


0.0070 0.0016 
0.0115 0.0015 


0.78 21.6 
2.41 32.0 


Wl 
W2 


plain woven 
twill woven 


cotton/ PET 

50/50% 
cottonl00% 


0.131 0.002 
0.227 0.007 


0.0172 0.0051 
0.0084 0.0012 


0.34 11.0 
1.49 21.3 



Table 3. MIU and MMD of fabrics using friction experiments with human skin 



3. Results and discussion 

3.1 Surface friction properties of fabrics 

Table 4 shows the MIU and MMD of specimen which is composed of different fiber. MIU of 
sample FN (nylon filament) shows the lowest value and the MIU and MMD of sample SW 
(wool staple) show the highest values. The tendency is that MIU and MMD of filament fiber 
are lower than staple fiber. But it's not remarkable. 

The relationship between product of yarn density in the warp and weft direction and the 
MIU or MMD shows in Figure 8. In the case of staple yarn, the tendency is not remarkable, 
but it is remarkable that the higher density shows the higher MIU and MMD in the case of 
filament yarns. 



symbol 



MIU 
|um 



MMD 
|um 



SC 
SL 
SW 
SS 



0.161 
0.127 



0.0104 
0.0149 



0.169 
0.141 



0.0154 
0.0148 



FN 


0.102 


0.0145 


FP 


0.130 


0.0125 


SA 


0.205 


0.0099 



Table 4. MIU and MMD of specimen composed of different fiber 
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Fig. 8. The relationship between product of yarn density and Mill and MMD 

3.2 Surface friction properties of human skin 

Surface friction properties, that is, coefficients of the surface friction, Mill and the standard 

deviation, MMD of human skin of twenty-six subjects in their twenties are shown in Table 4. 

There is no difference between male and female, but there is large difference among 

individuals because of the large standard deviation. 

Figure 9 shows the relationships between moisture regain and MMD of all subjects in 25 

degree C and 65%RH. It does not show the remarkable tendency, but the it is consider that 

the larger moisture regain, the larger MMD it is. 

Figure 10 shows the examples of coefficients of surface friction of skin versus moisture 

regain of skin in the same person. The coefficients of surface friction have not only the large 

difference among individuals, but also the difference of moisture regain. Therefore, it is 

consider that there are the differences between season or rhythm of one day. 





number 


MIU 
Ave. SD 


MMD 
Ave. SD 


Moisture regain, % 
Ave. SD 


male 
female 


13 
13 


0.405 0.220 
0.430 0.144 


0.0193 0.0136 
0.0111 0.0065 


32.3 4.5 
29.6 3.2 


all 


26 


0.419 0.187 


0.0148 0.0114 


30.8 4.2 



Table 4. Mill, MMD and moisture regain of human skin 
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Fig. 9. The relationships between moisture regain and MMD of all subjects in 25 degree C 
and65%RH 
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Fig. 10. The relationship between moisture regain and Mill of human skin 



3.3 Friction properties between Human skin and fabric 

Figure 11 shows the examples of Mill which the change of Mill is the largest one of twenty- 
six subjects. From these results, it is concluded that the Mill between human skin and fabric 
does not relate to the Mill of fabric, but moisture regain of skin. 
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4. Conclusion 

The hand of fabric used as clothing materials, the surface friction properties of skin and the 
friction between clothing materials and skin were measured. As the results, the tendency 
was that Mill and MMD of filament fiber were lower than staple fiber. And it was 
remarkable that the higher density showed the higher Mill and MMD in the case of filament 
yarns. Friction between human skin and fabrics were measured, and the effects of the 
moisture regain of human skin and the friction of fabrics were shown from the results. Our 
group will develop the new apparatus which the width of the part of contactor are wider 
one at present. On the basis of the results of this study, we would like to develop the 
apparatus which are close to human sense for friction properties. 
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1. Introduction 



It is generally realized that pavement texture plays a vital role in the development of both 
pavement friction and tire wear. For the past several decades, pavement texture 
measurements and modeling analysis have attracted considerable interest of many 
researchers. Pavement profiles usually present many of the statistical properties of random 
signals, it is very difficult to distinguish the different surfaces through texture analyses. 
Based on ASTM E 867, pavement texture can be grouped into two classes micro- and macro- 
texture in terms of the deviations of pavement surface with characteristic dimensions of 
wavelength and amplitude. Pavement macro texture has a substantial influence on the 
friction between tire and road surfaces, especially at high speeds and in wet pavement 
conditions. Kokkalis(1998) has shown a relationship between wet pavement accident rate 
and pavement macrotexture. As expected, the accident rate is reduced as macrotexture 
increases. Gunaratne et al. (1996) used an electro-mechanical profilometer to record the 
surface profiles made of asphalt and concrete. The data were later modeled using Auto 
Regressive (AR) models, where a Fast Fourior Transform (FFT) technique was used to 
graphically regenerate the pavement surface. Since the order of the models used in these 
studies was very low (AR(3)), they were able to only model macrotexture and could not 
capture the characteristics of microtexture. Fiilop et al. (2000) investigated the relationship 
between International Friction Index (IFI) and skid resistance and between IFI and surface 
macrotexture. It was found that the macrotexture relates to the hysteresis effects in the tire 
tread rubber and absorbs some of the kinetic energy of the vehicle. Hence, they concluded 
that macrotexture has a direct effect on skid resistance. 

Today with the advance of measurement technology, by means of a sensor-measured 
texture meter, profile heights related to both microtexture and macrotexture can be obtained 
easily. Researchers have focused on the effect of microtexture on friction between the tire 
and the road surfaces. The investigations by Kokkalis (1998) classified the microtexture and 
macrotexture as the first and second order of pavement surface irregularities, respectively. 
Rohde (1976) demonstrated the importance of microtexture pattern as well as its amplitude 
on the load-carrying capability and the descent time of the tread element. Taneerananon and 
Yandell (1981) developed a model to simulate a rigid tread element sinking onto a cover of a 
road surface having microtexture and studied the effect of microtexture roughness on the 
braking force coefficient. They found that this effect becomes more important when the 
pavement surface is wet. Persson and Tosatti (2000) presented a comprehensive treatment of 
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the hysteric contribution to the friction for viscoelastic solids sliding on hard substrates with 
different types of (idealized) surface roughness. They discussed qualitatively how the 
resulting friction force depends on the nature of the surface roughness. It was found that, 
when rubber is slowly sliding on the surface, at velocity less than 1cm/ s (as in the case to 
ABS-braking of automotive tires on dry and wet road surface), the rubber will deform and 
fill out the nanoscale cavities associated with the short-ranged surface roughness and this 
gives an additional contribution to the sliding friction. 

With increase in number of vehicles and increase in speed limits and the subsequent traffic 
fatalities, tire-road friction estimation has become an important research issue with 
Department of Transportation (DOT). In particular, researchers have paid more attention to 
the investigation of elevation road surface texture as a function of Average Daily Traffic 
(ADT). In the first part of this article, to further understand the features of polishing process 
on pavement surfaces, experimental texture measurements and Data Dependent Systems 
(DDS) approach were utilized to model and analyze the elevation profiles collected from 
polished and unpolished aggregate surfaces of Aggregate Wear Index (AWI) wear track. A 
key problem in texture measurement was how to determine sampling step sizes so as to 
reveal the properties of tire polishing process. Three step sizes were adopted to measure the 
aggregate surfaces. The DDS approach was then used to model and analyze those elevation 
profiles collected from polished and unpolished AWI wear track surface. It was found that 
the DDS approach was able to capture both the characteristics of the evolved macrotexture 
and microtexture and the polishing effect on the aggregate surfaces is found to reduce the 
microtexture roughness significantly. The second part in this article is to exhibit a texture 
analysis from several bituminous pavement surfaces obtained from Michigan, USA. Since 
traffic abrades the pavement surface, exposing aggregates and makes aggregates worn and 
polished, the polishing properties of coarse aggregates play a significant role in determining 
skid resistance. Therefore, 1 micron step size scan was used to collect the elevation profile 
from exposed aggregates and 45 micron step size scan was arranged to collect data from 
texture surface on each core surface, respectively. DDS approach was utilized to model and 
analyze the data for both 1 micron and 45 micron step size scans. The characteristics of both 
microtexture and macrotexture were derived by applying different criteria to DDS modeling 
analysis and they were correlated to the British Pendulum Tester numbers (BPNs) 
Laboratory Friction Tester values (LBF) and obtained on the same core. A good correlation 
was found from some mixed type of pavements. 

2. Surface texture measurements 

In order to simplify the analyses of road surfaces, aggregate surface textures on AWI wear 
track were investigated first. Figure 1 shows several polished aggregate on a portion of the 
AWI wear track obtained from Michigan Department of Transportation (MDOT). Since 
1971, MDOT has been using a laboratory wear track to quantify the tendency of individual 
coarse aggregate sources to polish under the action of traffic (Dewey, et. al., 2001). The wear 
track consists of a pair of diametrically opposite wheels each attached to a common center 
pivot point. An electric motor is used to apply a driving force to the wheels through the 
center pivot point. The aggregate test specimens used on the wear track are trapezoidal in 
shape. Uniformly graded aggregates are placed in a layer directly against the mold and then 
covered by portland cement mortar. When 16 of the test specimens are placed end to end, 
they form a circular path about 2.13 meter in diameter. The surface of the wear track is 
consisted of limestone aggregate (from Port Inland, MI) of around 10mm size. 
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Fig. 1. Polished AWI wear track surface 

The purpose of this section is to characterize the macrotexture and the microtexture present 
on both the polished (smooth) and the rough (unpolished or original) AWI aggregate 
surface. A laser profilometer was used to collect the elevation profiles on the surfaces. The 
profilometer can scan a 50.8x50.8 mm square area on any given sample surface. However, 
due to the restriction on the number of data points that can be effectively used in the 
subsequent DDS analysis, a maximum of 1024 points were collected for each scan length. 
Therefore, higher resolution scans were used for short scan lengths and vice versa. For 
example, if one micron step size is adopted to scan a surface, then the maximum scan length 
allowed is around one millimeter, in which the scan included 1024 data points. 
Since the optimum step size for a given pavement is not known a priori, a number of step 
sizes (from 1 micron in Do, et. al.,(2000) to 20 millimeters in Perera, et. al., (1999)) have been 
chosen to measure road surface irregularities. Most of the texture measurements were 
characterized by Mean Texture Depth (MTD) (Gunaratne, et. al., (1996)) or Root Mean 
Square (RMS) of texture profile (Fulop, et. al., 2000). Those measurement analyses seemed to 
have a good relationship with other road surface friction tests. In this paper, three step sizes, 
1 micron, 30micron and 45micron, were chosen to scan both the smooth and rough aggregate 
surfaces spanning 1mm, 7mm and 45mm, respectively. Typically, the lum and 30uxn scans 
were limited to one aggregate surface and hence can provide the microtexture present on 
the individual aggregate, whereas the 45 urn scans sampled several aggregates and the 
spaces in between, and therefore, were able to capture the features of both macrotextural 
and microtextural features of the wear surface. In addition, the 30micron scans can also 
provide a criterion for distinguishing between polished and unpolished aggregate surfaces 
for large scan step size. A total 10 scans were collected for each step size, 5 from polished 
surfaces and 5 from unpolished surfaces. Each scan data was imported into a DDS program 
so that parameters of the model such as frequency, wavelength, damping ratio and variance 
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contribution could be determined. Comparisons of the model parameters from the polished 
and unpolished scans can reveal the differences between them. 

3. Data Dependent System (DDS) methodology 

DDS approach is commonly used for time series analysis of sequentially sampled data. The 
methodology provides an effective approach to model such series in a statistically optimal 
manner. The elevation profile collected by the laser profilometer is essentially a uniformly 
sampled time series or space series data. The DDS modeling of the texture of the aggregate 
surface is aimed at a complete frequency or wavelength decomposition of the surface. 
The DDS approach for modeling the elevation profiles utilizes the Autoregressive Moving 
Average model, represented as ARMA(2n,2n-l) (Pandit and Wu, 1983) and is given by 

X t = (p x ^ t _ x + ^2 X f-2 + ' ' ' + (Plr^t-ln + a t "^l a t-l ~#2 a t-2 #2n-l a t-2n+l CO 

where the variable Xt denotes the "state" of a system at time t, i.e., the profile height in this 
analysis. The adequacy of the model implies that a single state X t completely characterizes 
the behavior of the system by expressing the dependence of the present state, i.e., the 
current profile height X t on past states X t -i, Xt-i, ..., X t -2n- The remainder a/s are independent 
or uncorrelated random variables with zero mean and are often called as white noise. The 
order n of the model is increased until an adequate model is found, which will be explained 
later. In Eq. (1), the cp{s are autoregressive parameters. 

If the ARMA(2n, 2n-l) model is adequate, the roots A* (i=l, 2, 3,..., 2n) can be found from the 
characteristic equation 

A 2n -M 2n_1 -M 2n ~ 2 — -02n = ( 2 ) 

where a real root provides a decaying exponential dynamic mode and a complex conjugate 
pair of roots provide a decaying (damped or undamped) sinusoidal mode with certain 
decay rate and frequency or wavelength. Using the backshift operator BX t =X t -i, 

1 n D n d2 n T>2n-1 oo 

X t = 1-frB-^B — -e^B = y G 

(l-^B)(l-^B)-(l-ViB)(l-^B)(l-^ +1 B)-(l-^„B) p ' <-> 

where G ; . = gj{ + g 2 4 + ■ ■ ■ g 2n 4„ (4) 

is called as Green's function and the coefficients corresponding to the root A, are given by 



x^-e^- 1 - 



(^-^)^.-^).-(^-^_ 1 )^-^ +1 ).-^-^ n ) 



z = l,2,3,---2ft (5) 



The gi terms simply scale the magnitude of the response from the zth mode and can also 
introduce a phase shift when that mode is sinusoidal . To better clarify the role of complex 
conjugate pairs of roots, each A*, A* and associated g\, gj can be expressed in the form of 

&M + gi^f =2|&||>lf| ; cos(0 i ; + /? i ) (6) 
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where the damped frequency coi and phase shift fi come from the root a-' and the 
corresponding scaling factor g,- respectively (Pandit and Wu, 2001). The damped frequency 
can further be expressed in terms of the damping ratio C, and natural frequency con as 



■On^ 1 ? 



= cos-^ (7) 



where the damped angular frequency coi and the natural frequency con are expressed as angle 

per sampling interval, and can be converted into cycles per second (Hz) by dividing 2n or 

can be converted into wavelength by using the constant speed of the profilometer. For a real 

root, the break or pseudo-frequency defined by the half power point in the spectral 

domaine. 

Once the model has been fitted to the corresponding elevation profile data, the variance can 

be written in terms of the roots as 

y = Variance(X t ) = E(Xf ) = d 1 +d 2 +'- + d 2n (8) 



where d x =cr 2 a £^f-, i = l, 2,-, In (9) 



zn , 



Thus, the power of a particular root, that is its contribution to the variance yo, is represented 
by the corresponding d{. 

The choice ARMA(2n,2n-l) sequence is mainly based on the configuration of the 
characteristic roots a-. Since the autoregressive parameters <pfs are always real, the complex 
roots can occur only in conjugate pairs. For example, for an ARMA(2,1) model, we have 

(l-( Pl B-( Pl B 1 ) = {l-\B)(l-X 1 B) 

^' ^ 2 2 

and k x = \ + ^2, cp 2 = -^^ (10) 

If cp\ + 4^?2 < , then the roots X\ and A? must be a complex conjugate pair. Therefore, if we 
increase the order by one, allowing odd autoregressive orders, one of the roots will be 
forced to be real. Another reason is that increasing the autoregressive order in steps of two is 
more economical than in step of one. One fits only half the number of models compared to 
the increase by step of one. 

Using the above formulation, the experimentally obtained elevation profiles for each scan 
were modeled. The critical issue in modeling is to identify the correct model order 2n, that 
completely captures the trends (or correlations) in the experimental data. To achieve this, 
the model order is continuously increased until the adequate order of the model is 
determined based on three criteria (Pandit and Wu, 2001): (1) Verify the independence of the 
residuals (the at 's) of the fitted model by using the autocorrelations of the residuals, i.e., the 
chosen model is deemed to completely charaterize the data if the unified correlations 
(sample correlation divided by its standard deviation) are less than two which correspond 
to 95% probability in a normal distribution; (2) Once the data have been characterized 
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completely, the residual sum of squares (RSS) is made as low as possible by introducing an 
F-test parameter that relates the RSS from the current model order 2n to the previous model 
order (2n-l) in the computer program. The F-test parameter value is smaller value than the 
one from an F-table corresponds to a statistically insignificant reduction in RSS; (3) The 
adequate model should capture an obviously known physical frequency, such as the one 
corresponding to the size of aggregate on the surface. 

4. Analysis of polished and unpolished aggregate surface profiles 

4.1 One micron step size scan 

Figures 2a and 2b present two typical elevation profiles collected at lmicron step size from 
polished and unpolished surfaces of AWI wear track, respectively. Clearly, the vertical scale 
in these two plots indicates that the magnitudes of the elevations are significantly different 
in both the data, and hence the variance (averaged square deviation from the mean) is 
essentially higher for the unpolished surface compared to that on the polished surface. The 
unpolished scan also appears to have a more complicated profile than the polished scan. 
This is an important physical characteristic that will be utilized in interpreting the model 
order in the following DDS analyses. 

The data for each scan from the polished and unpolished surfaces was modeled by the DDS 
program. The starting model for every scan was ARMA(2,1) and the model order was 
increased in steps of 2, until the adequate model that satisfies the three criteria mentioned 
above was found. Table 1 and Table 2 present the modeling results for the two scans in 
Figures 2a and 2b respectively, with adequate models ARMA(12,11) (for Ola polished 
profile) and ARMA(22,21) (for Oil unpolished profile), respectively. Note that since 
unpolished scan is generally more complicated than polished one, the adequate model for 
unpolished scan usually has a higher order compared to that of the polished surface. In 
these tables, the frequency refers to number of cycles per millimeter. The wavelength is the 
inverse of this spatial frequency. The damping ratio indicates how well a given wavelength 
component of the profile repeats at that frequency in the scan. For example, a damping ratio 
of zero indicates a perfect sinusoidal wave extending for infinite time or length. The 
maximum damping ratio tending to unity implies that the wavelength component does not 
repeat at all. In Figure 2a, there exits a dominant peak that shows up at half shape of a wave 
crest at the end. Generally, the dominant peak has the largest height and the largest 
wavelength compared to other wave crests or wave troughs, may not repeat in the same 
elevation profile and will show up as a real root with very large wavelength in DDS 
analysis. The DDS analysis can capture these features effectively. For 1mm scan, this 
dominant peak also provides a way to distinguish the difference between polished and 
unpolished surfaces in the DDS analysis. These dominant peaks are indicated by bold in the 
Tables. In Table 1, the dominant wavelength is 0.433839mm and the corresponding variance 
contribution is 2.01E-4 mm 2 , which is less than the dominant contribution of 1.42E-3 mm 2 
from the unpolished scan in Table 2. All other wavelengths given in these tables are 
significantly smaller with low variance contribution and typically have much smaller 
damping ratio indicating that these wavelengths repeat over a long period time. Thus, the 
lmm scans capture the microntextural features effectively. 

Table 3 presents the modeling results from 10 scans. It is clear that both the variances and 
the dominant variance contributions for unpolished surfaces are consistently larger 
compared to those of the polished surfaces. Comparison of the dominant wavelengths 
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Fig. 2a. 1 micron scan from polished aggregate surface 
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Fig. 2b. 1 micron scan from unpolished aggregate surface 



280 



New Tribological Ways 




Fig. 3. Microstructure of Port Inland aggregate 

obtained from the polished and unpolished surfaces reveals that these wavelengths do not 
present any trend implying that the tire polishing did not change the dominant wavelengths 
but only the overall variance contribution. Further analysis of Port Inland aggregate reveals 
that the dominant wavelengths have a strong relationship with the grain size of the 
aggregate. The grain size of the Port Inland aggregate used in this AWI wear track is usually 
in the range of lOOmicron to 500micron and this range seems to agree well with the 
dominant wavelengths in Table 3. Figure 3 presents the microstructure of Port Inland 
aggregate (The dark area is composed of algae lumps and they have a very fine grain size 
around of 2-10 micron, the white area is composed of calcite crystals with grain size around 
20-500 micron). It is worth mentioning that for other shorter wavelengths, no trend can be 
found from the corresponding contributions when comparing between polished and 
unpolished aggregate surfaces is made. Therefore, the dominant wavelengths are the 
minimum wavelengths that can provide a trend between the polished and the unpolished 
aggregate surfaces in 1mm scans. 



4.2 Thirty micron step size scan 

In order to explore the effect of other larger wavelengths on the roughness of aggregate 
surfaces, 30 micron step size scans were collected from smooth and rough aggregate 
surfaces (5 scans from polished, 5 scans from unpolished). Because of the limited size of 
each aggregate, the 30 micron step size scans were composed of only 234 sampling points 
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extending over 7.02mm in length and were limited to one aggregate surface. Figures 4a and 
4b present two typical elevation profiles collected from polished and unpolished surfaces. 
Similar to the 1 micron step size scans, the vertical scale in these two plots indicates that the 
magnitudes of the elevations are significantly different and hence the variance of 
unpolished scan is essentially higher than that of the typical polished scan. However, since 
aggregate surface is not a flat plane naturally, even on the fully polished surface there still 
exist some significant irregularities where the tire rubber neither could contact aggregate 
surface entirely nor polish to reduce the height of irregularities. Figure 4a presents the 
situation where there are two large wave troughs that are hardly affected by the tire 
polishing action. These kinds of troughs may become the dominant wavelengths and affect 
the variance of elevation profiles significantly. 

Another feature that affects the value of variance contributions may come from a slope in an 
elevation profile. In Table 4 and 5, the values of variance seem to present a trend between 
polished and unpolished surfaces. However, in Table 5, there are two real roots, one at 
1.293mm and the others at 82.44mm wavelength. The dominant wavelength of 82.44mm is 
11.7 times the scan length. This indicates that there is a slope in the overall elevation profile 
(Figure 4b) which has been effectively captured by the DDS program. Even in a 1mm scan, if 
a slope exits for the overall scan, a dominant root will reflect that feature. However, by 
carefully selecting a small flat region, likelihood of such a slope in a 1mm scan can be 
minimized. This can not be done in a 30mm scan, therefore, the value of variance does not 
present a criterion to distinguish the polished and unpolished surfaces. This can also be 
confirmed by the variance values in Table 6, where the variances are of comparable order 
between polished and unpolished aggregate surfaces. Therefore, the criterion used in 
1 micron step size scans to distinguish the difference between rough and smooth scans is not 
applicable to 30micron step size scans. 

Usually, if the damping ratio is less than 10%, Eq. (7) shows that the frequency is nearly 
undamped and the component repeats regularly. Its contribution to the variance is given by 
Eq.(8) as &\ for a real root At and d\ +dj+i for a complex conjugate pair A*, A4+1. Since a 30micron 
step size scan is 7 times the scan length of lmicron step size, it is possible that the dominant 
wavelength in lmicron step size scan may also appear several times in 30micron step size 
scans. Therefore, a new criterion based on damping ratio is introduced in 30micron step size 
scan analyses, i. e., contributions from all the wavelengths that have a damping ratio less 
than 10%, (see the column "criterion" in Table 4 and 5) are summed up to obtain a partial 
contribution (see the column "partial" in Table 4 and 5). Table 6 presents those partial 
contributions obtained from 10 such scans as well as the variation ranges of corresponding 
wavelengths. Since most of the wavelengths are less than 0.5mm, the texture can be depicted 
as 'micro texture 7 and the associated partial contributions physically describe the averaged 
squared microtexture roughness. In Table 6, there are two 'negative 7 partial contributions; 
the negative signs imply that these contributions have phase opposite to those with positive 
contribution. Comparison of the partial contributions between the polished and unpolished 
surfaces clearly indicates that polished aggregate line scans have significantly lower 'partial 
contributions' than those on the unpolished scans. This means that polishing wears away 
the micro-roughness present on the original aggregate surfaces. It is also interesting to note 
that the microtexture wavelengths satisfying the damping ratio criterion in 30micron step 
size are close to the dominant wavelengths in lmicron step size. Thus, both lmicron and 
30micron step size scans capture the microtextural features effectively. Another interesting 
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feature is that the microtexture wavelengths in the polished scan have a much smaller range 
and smaller wavelengths than in the unpolished scans. This means that the polishing effect 
is to either chip away or break the larger grains from the original surface due to the traffic. 



4.3 Forty-five micron step size scan 

In the above lmicron and 30micron step size analyses, the characteristics related to 
macrotexture have not been found. The reason is that lmicron or 30micron scan lengths are 
too short and span only one aggregate. Therefore, 45micron step size scan was adopted 
which spans over 45mm length encompassing several aggregates. Figure 5a and 5b present 
two typical elevation profiles collected at 45micron step size from polished and unpolished 
surfaces, respectively. It is clear that there are several profiles of aggregate in the two plots 
and they all have an average size of around 10 millimeters. Comparison of two elevation 
profiles reveals that the scans obtained from unpolished aggregate surfaces appear to be 
rougher than those from the polished surfaces. Also, due to the inherent irregularities 
present on any aggregate surface, they do not get polished uniformly. Hence every scan 
includes some portion of unpolished surface. This will increase the complexity of DDS 
model analysis. 

It is required to choose every scan line carefully so as to reduce the rough portions included 
in any given scan on a polished surface. 

Table 7 and Table 8 present the modeling results corresponding to Figure 5a and 5b, 
respectively. Note that the model order is significantly smaller for polished scans compared 
to that of unpolished scans. The dominant contributions correspond to the largest 
wavelengths in these tables are 10.4 mm and 6.64 mm, respectively resulting from real roots. 
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Fig. 5a. 45 micron scan from polished aggregate surface 
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Fig. 5b. 45 micron scan from unpolished aggregate surface 

These two wavelengths indicate physically the average size of the aggregates appearing in 
Figure 5. Considering the two tables, except for the largest wavelengths, the other 
wavelengths appear to be in the range of microtexture varying from 0.1mm to 0.5mm. It is 
once again verified that polishing the aggregate surface dose not change the wavelengths in 
the microtexture. To determinate contributions, the same criterion based on damping ratio 
as depicted in 30micron step size scans was used to distinguish the contributions between 
smooth and rough aggregate surfaces. It can be found from the tables that, when the value 
of 'damping ratio' is less than 0.1, the corresponding wavelengths are always less than 
0.5mm, and these wavelengths agree well with the dominant wavelengths in 1 micron step 
size scans or the grain size on aggregate surfaces. Therefore the characteristics of the 
microtexture can be captured by prescribing the small damping ratio criterion and the 
corresponding contribution describes the microtexture roughness. Comparing the two 
tables, it is clear that the polished surface has a smaller partial contribution (of the order of 
around 10" 7 ) and the unpolished one has a higher partial contribution (of the order of 
around 10~ 4 ). Therefore, it appears that polishing reduces the microtexture roughness, but 
does not change the microtexture wavelengths significantly. 

Table 9 summarizes the modeling results from 10 scans. It is clear that the variance does not 
show any trend between polished and unpolished surfaces. This is expected because of the 
large contributions that arise from the aggregate surfaces and spaces (troughs) in between 
the aggregates in addition to any contribution that may arise from any slope of the overall 
surface. These features completely mask the minor contributions arising from the polished 
regions. However, the partial contributions that are based on 10% damping ratio criterion 
reveal a clear trend between polished and unpolished surfaces, where the unpolished 
surface scans have contributions of the order 10" 3 to 10" 4 and the polished surface scans have 
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contributions of order 10 4 to 10 7 . However, the range of micro texture wavelengths as well 
as their overall values is significantly smaller on the polished surfaces indicating that the 
polishing effect due to traffic is to either chip away the large particles (or grains) or break 
them into smaller fragments. 

As mentioned in the introduction, most of the previous publications in the literatures have 
focused on obtaining a single number either in terms of MTD or RMS to distinguish 
between polished and unpolished surfaces. Although, such a size single number is desirable 
for simplicity, it can not provide a more in-depth description of the micro- as well as macro- 
textural features that are characteristics of any polishing process. Moreover, comprehensive 
descriptions of the evolving wavelengths are desirable for more precise correlations with 
any other laboratory of field measurements such as British Pendulum Number (BPN) or 
field friction number (FFN) on pavements. Characterization of the evolving micro-texture is 
also essential for identification of the wear mechanisms on a given aggregate surface due to 
the type or the level traffic, type of mix-designs and age of pavement, the weather 
conditions over a period of time or a combination of the above. 

However, the aim of the current paper is to introduce a methodology that can be effectively 
used on aggregate surfaces to capture the induced micro- as well as the macro-textural 
features due to tire polishing. Similar method can be easily extended to analyze the induced 
the topological features on the on the pavement surfaces. Pavement surface texture can be 
thought of as a combination of micro texture and macro texture. Friction between tire and 
road surface is strongly dependent on surface texture. Microtexture, in particular, plays a 
significant role in this interaction. In the previous sections, experimental texture 
measurements and DDS modeling methodology were introduced to analyze the polished 
and unpolished aggregate surfaces on AWI wear track. The elevation profiles collected from 
AWI wear track surface by a laser sensor were modeled and analyzed by use DDS 
methodology. Comparison of the modeling results leads to the following conclusions which 
are applicable to road pavement surface analyses. 

1. Microtexture with a wavelength in the range of 0.1~0.5mm (which corresponds to the 
grain size of Port Inland aggregate) has a significant effect on the roughness of the 
aggregate surfaces. All the DDS modeling results for 1 micron, 30micron and 45micron 
step size scans present the difference of microtexture between polished and unpolished 
aggregate surfaces. 

2. For different step size scans, in order to obtain a consistent modeling results, different 
criteria have been adopted. For short scans, the dominant wavelength should be 
considered (when there is no overall slope in the elevation profile), but for longer scans 
the damping ratio criterion should be used. 

3. Compared with other step size scans, 45 micron step size scan can capture both the 
macrotexture and the microtexture characteristics and can provide more texture 
information than other two scan sizes. 

4. Since the unpolished surface is much more complex than the polished one, the 
modeling of the former surface requires a higher order of ARMA model than the latter. 

5. The damping ratio criterion used in this paper is useful in microtexture analysis, 
especially for larger scan lengths. It will provide with the microtexture information, 
such as wavelengths and roughness resulting from DDS analysis. 

6. Based on DDS analysis, the polishing effect due to traffic is to reduce the microtexture 
roughness of aggregate surfaces as well as the range of microtexture. 
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5. Investigation of road surface texture wavelengths 

Pavement surface characteristics and traffic conditions are generally recognized as the major 
contributors to pavement friction. Statistic on pavement accidents indicates that each year 
approximately 15% of accidents that result in injury or fatality occurred during wet weather 
conditions. Some of these accidents resulted from loss of friction at the tire-pavement 
interface. The tire-pavement interaction has two contributions arising from adhesion and 
hysteric components. The adhesion term is interpreted as a thermally-activated molecular 
stick-slip action, which is described by a stationary stochastic process. The stationary 
stochastic process consists in the formation and breakage of adhesive linking chains that 
bind the rubber body to the textured surface (Schallamach, 1963; Chernyak and Leonow, 
1986). The hysteric component results from the internal friction and subsequent dissipation 
of energy during cyclic deformation of sliding rubber arising from the asperities of rough 
substrate which exerting oscillating forces on the rubber surface. Kummer (1966) proposed a 
model for rubber friction that considered the above two components of the friction: the 
adhesion component based on microtexture and the hysteresis component based on the 
macrotexture. Persson (1998) qualitatively presented that the hysteric contribution was 
associated with the long wavelength roughness of substrate. The interaction between tire 
and substrate deformed the rubber so that it could 'follow 7 the short wavelength roughness 
of the substrate when the rubber slid at a low velocity. This deformation would provide an 
additional adhesion contribution to the friction. However, recent investigations indicated 
that for different type of tires, for example smooth and ribbed tires which are widely 
adopted for friction measurements on road surface, the friction measured on the same road 
surface will be significantly different. Generally the ribbed tire will present a higher friction 
and the smooth tire will result in a lower friction. Yandell and Sawyer (1994) pointed out 
that there was seldom agreement between any two different devices that measured friction 
on the same surfaces. For example, a runway friction tester and a pavement friction tester 
yielded an R-squared value of 0.02 for readings on about 25 wet open-graded textured roads 
using ribbed tires and an R-squared value of 0.75 on a large variety of wet asphalt surfaces 
using a smooth tire. Whitehurst (1978) also showed a 30 percent variation among seven 
different ASTM skid trailers reading identical surfaces. There are many reasons for this poor 
agreement, among which are the vagaries of tread rubber behavior. Due to the complexity 
of analysis in the tire characteristics of every vehicle to determine the friction between tire 
and road surface, it is imperative that pavement surfaces should be designed and 
constructed to provide adequate friction to minimize the accident rate as a result of 
frictional deficiencies. 

Pavement texture is a feature of the road surface that ultimately determines most tire/ road 
interactions, including wet friction, noise, splash and spray, rolling resistance and tire wear. 
The characteristics of pavement texture that affect tire and pavement interactions are 
arbitrarily categorized as microtexture, consisting of wavelengths (characteristic 
dimensions) of 1 |um to 0.5 mm, and macrotexture, consisting of wavelengths of 0.5 mm to 
50 mm. It has been demonstrated that at low slip speeds the effect of microtexture 
dominates the friction measurement, whereas at high slip speeds the effect of macrotexture 
becomes important. Therefore, if both microtexture and macrotexture are maintained at 
high levels, they can provide sufficient resistance to skidding. A recent European study 
reports that increased macrotexture reduces total accidents, under both wet and dry 
conditions. Kokkalis (1998) also presented a relationship between wet pavement accident 
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rate and pavement macro texture. As expected, when macrotexture increases, the accident 
rate is reduced. Fiilop et al. (2000) investigated the relationship between International 
Friction Index (IFI) and skid resistance and the relationship between IFI and surface 
macrotexture. They developed a relation that the IFI threshold value of friction is a function 
of the macrotexture parameter. The theoretical estimations corresponded well to their 
experimental results. 

On the other hand, more and more researchers believe that microtexture has a substantial 
effect on skid resistance and various methods are proposed to evaluate microtexture. Forster 
(1994) conducted a study to investigate the quantitative role played by small-scale surface 
texture (microtexture) in determining the skid resistance of a pavement. A non contact 
image analysis system was used to measure the microtexture profiles on a series of 
pavement cores. The measurements of microtexture were correlated to the British Portable 
Tester numbers (BPNs) obtained on the same cores. A linear regression fit of these data 
based on 87 cores yielded a correlation coefficient (R-squared value) of 0.68. Do et. al. (2000) 
adopted the ideas from Fahl (1982) who emphasized that large profile peaks and valleys 
play an important role in functional applications and developed a 'theta angle 7 to measure 
the microtexture of road surface. The 'theta angle 7 was derived from the two consecutive 
peaks and the horizontal between every segment on road surface profile. The theta angle 
distribution was used to characterize the microtexture roughness. Correlation between theta 
values and friction gave a correlation coefficient R-squared value of 0.8 for 24 data points. 
Rohde (1976) demonstrated the importance of microtexture pattern as well as its amplitude 
on the load-carrying capability and the descent time of the tread element. Persson and 
Tosatti (2000) presented a comprehensive treatment of the hysteric contribution to the 
friction for viscoelastic solids sliding on hard substrates with different types of (idealized) 
surface roughness. They found that, when rubber is slowly sliding on the surface, at velocity 
less than lcm/s (as in the case to ABS-braking of automotive tires on dry and wet road 
surface), the rubber will deform and fill out the nanoscale cavities associated with the short- 
ranged surface roughness and this gives an additional contribution to the sliding friction. 
Huang (2010) utilized Data Dependent Systems (DDS) approach to model and analyze the 
elevation profiles collected from polished and unpolished aggregate surfaces of Aggregate 
Wear Index (AWI) wear track. It was revealed that the microtexture roughness of aggregate 
surfaces was influenced significantly by tire polishing effect and the DDS approach was able 
to capture both the characteristics of microtexture and macrotexture. 

Due to the vital role of pavement texture in both pavement friction and tire wear, Michigan 
Department of Transportation (MDOT) initiated a research program of pavement texture 
analysis in the Center of Transportation Materials Research at Michigan Technological 
University. As the second part of this research program, the current work presents a texture 
analysis from several bituminous pavement surfaces obtained from Michigan. A total 212 
road surface cores from 29 sites on suburban and rural lanes were obtained. From each site, 
samples of 6 inch diameter were cored from shoulder, both wheel paths and between wheel 
paths. A laser profilometer was used to collect elevation profiles on each core. The Data 
Dependent Systems (DDS) methodology (Pandit, 1991) was introduced to model and 
analyze the elevation profiles. Similar to the previous investigations on the aggregate 
surfaces of AWI wear track, 1 micron and 45 micron step sizes were chosen to measure the 
texture. A total of 1,024 readings were taken per individual line scan along the traffic 
direction. For bituminous pavement, skid resistance gradually decreases by the polishing 
action of traffic. A generally accepted explanation concerning the reduction process is that 
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traffic abrades the pavement surface, exposing the aggregate and makes aggregate worn 
and polished which, in turn, reduces skid resistance. Therefore, polishing properties of 
coarse aggregates play a significant role in determining skid resistance. On the other hand, 
the 4 th section in this article utilized the DDS methodology analyzing the tire polishing 
characteristics of aggregate surface on AWI wear track and found that the tire polishing 
process will mainly affect the microtexture of aggregate surfaces. Based on the above 
analyses, 1 micron step size scan was used to collect the elevation profile from exposed 
aggregate on each core surface. To collect the data randomly on any given core, a five by 
five grid of points was applied to an area of 25 cm 2 on each core surface. This eliminates any 
bias in the location of region from where the data was collected. The 1 mm long scan was 
collected closest to each grid point and a total 25 scans were obtained on each core. For the 
45 micron step size, since DDS modeling can capture both the characteristics of macro- and 
micro-texture, the texture data collection included a series of twelve - 46 millimeter long 
linear traverses collected from an area of 100 cm 2 on each core surface for a total traverse 
length of approximately 552 mm. The characteristics of both microtexture and macrotexture 
reflected surface feature of pavement core were correlated to the British Pendulum Tester 
numbers (BPNs) and the Laboratory Friction Tester values (LBF) obtained on the same core. 

6. Data analysis and correlation of DDS analysis with BPN value 

Based on the DDS theory, the collected data from core surfaces were analyzed using DDS 
program. Since it was difficult to find an apparently physical parameter as an additional 
criterion to determine an adequate model from most of core surfaces, only the independence 
of the residuals (the at 's) and the F-test criterion were applied to find an adequate model for 
each scan. 

6.1 Modeling analyses of 1 micron step size scans 

Microtexture is a measure of the degree of polishing of a pavement surface or of the 
aggregate at the surface. It has been realized that microtexture is dependent primarily upon 
the aggregate petrographic characteristics and the traffic intensity (expressed in terms of 
commercial-vehicle flows). It is clear that at different stages of a pavement's service life the 
aggregate surface presents different texture profiles. For example, in the early stage of a 
pavement service, the influence of an aggregate's polishing characteristics on skid resistance 
is thought to be minimal because the bituminous matrix has not been worn sufficiently to 
expose the aggregate. But in the later stage of the pavement service, aggregate surface 
texture is essential to sustain the skid resistance of the pavement. Therefore, the elevation 
profiles of aggregate surface may, to some extent, represent the variation of road surface 
friction and the 1 micron step size scan is adopted to correlate the aggregate surface texture 
with pavement surface friction. In the this paper, the DDS analysis of 1 micron step size scan 
is correlated with the British Pendulum Tester numbers (BPN) and Laboratory Friction 
Tester values (LBF) obtained from the same pavement core, respectively. 
The BPN has been wildly used in laboratory and field testing of frictional properties of 
surfaces. The BPN value measured by the tester represents the amount of kinetic energy lost 
when a rubber slider attached to the end of a pendulum arm is propelled over a test surface. 
Many researchers have proved that BPN value has a good correlation with the microtexture 
measurements. The laboratory friction tester (LBF) was built in a laboratory of Michigan 
Department of Transportation (MDOT). It is a companion friction tester for the circular 
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Aggregate Wear Index (AWI) wear track. It can measure an initial peak drag force as a test 
tire comes into contact with specimen at a special velocity. More details about LBF tests can 
be found in the paper of Dewey, et al. (2002). The BPN and LBF data were obtained in house 
by MDOT from all the 212 road surface cores. Figure 6 presents a correlation between BPN 
and LBF. A very good correlation can be found between BPN and LBF test values (The 
coefficient of correlation (R 2 ) is 0.9081). 



y= 333.91 Ln(x)- 959.8 
R 2 = 0.9081 




Fig. 6. Correlation between BPN and LBF for all cores 

After an adequate model is obtained, the DDS model provides frequency (refers to number 
of cycles per millimeter), wavelength (is simply the inverse of this spatial frequency), 
damping ratio (indicates how well a given wavelength component of the profile repeats at 
that frequency) and contribution (is the averaged squared deviation from a mean height). 
Generally in an elevation profile, there always exists a dominant peak that represents the 
largest contribution and the largest wavelength compared to other wave crests or wave 
troughs and is called dominant contribution. The dominant peak may not repeat in the same 
elevation profile and will show up as a real root with large wavelength in DDS analysis. In 
the previous section of this paper, the DDS approach has been utilized to investigate the 
characteristics of polished and unpolished aggregate surfaces. It was found that for both 
polished and unpolished aggregate surfaces, the dominant contributions almost all came 
from real roots and the corresponding wavelengths are attributed to the microtexture. Since 
the dominant contribution is much larger than other contributions in each scan, it dominates 
the value of variance and this leads the variances to have the same trend as the dominant 
contributions. Therefore, the correlation of variances with BPN or LBF is explored for 1 
micron step size scan. 

Figure 7 and 8 present a correlation between the calculated variances versus BPN values and 
LBF values for all the 212 pavement surface cores, respectively. The variance data in these 
figures is obtained by summing the variances from all scans on a given core, and then 
averaging it. A nearly linear trend can be found from the two figures and LBF values have a 
slight better correlation with the surface roughness variances than BPN values have. In 
Figures 7 and 8, since the values of variances are very small (those values are scattered over 
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the range of around 10 1 to lO 4 ) and the variance has units of squared length we have used 
the square root of variance to further improve the correlations. Moreover the square root of 
variance has a physical meaning that indicates the averaged roughness of pavement surface 
with a length unit. Figures 9 and 10 present the correlations with BPN and LBF. The square 
root of variance is calculated by obtaining the square root of variance from every scan, 
adding them up for a given core and then averaged for all the scans. Comparing to the 
Figures 7 and 8, Figures 9 and 10 do show a better correlation. The correlation coefficients 
(R2) increase from 0.091 to 0.1962 for BPN and from 0.1227 to 0.2471 for LBF. It can be found 
again that LBF has a higher R 2 than BPN. 

1 micron step size, Variance 



y=0.6061Ln(x)-5.1221 
R 2 = 0.091 
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Fig. 7. Correlation between variance and BPN for all cores 



1 micron step size, Variance 
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Fig. 8. Correlation between variance and LBF for all cores 
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1 micronstepsize(SquarerootofVariancevsBPN) 
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Fig. 9. Correlation of square root of variance with BPN for all cores 



1 micron step size,Square Root of Variance 



y = 0.4579Ln(x)-4.1867 
R 2 = 0.2471 









Fig. 10. Correlation of square root of variance with LBF for all cores 

In the above plots all the pavement surface samples including those cored from shoulder, 
both wheel paths and between wheel paths were included. However, those cores from 
shoulder and between wheel paths are seldom polished by vehicle tire and hence may affect 
the correlation of the aggregate roughness with BPN and LBF values. In order to explore the 
effect of tire polishing on road surface friction, Figure 11 and Figure 12 present those 
variance data collected only from the samples that were cored from both wheel paths. This 
reduces the total number of cores to 116. Figures 11 and 12 exhibit the correlation of square 
root of variance from wheel path cores with BPN and LBF. Compared to the correlation with 
all the cores presented in Figures7 and 8, the correlation with wheel path cores has a better 
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coefficient of correlation, which indicates that the correlation of aggregate roughness with 
BPN and LBF is really affected by the vehicle tire polishing and, to some extent, the 
averaged aggregate roughness (square root of variance) does exhibit a relationship with the 
skid resistance of road surface. On the other hand, we explored some other contributions 
related to very short wavelengths by damping ratio criterion (see next section for detail of 
the criterion) and correlated them with BPN and LBF values based on total cores and wheel 
path cores, respectively. None of these measures gave good correlations. 



1 micron step size (Square root of Variance vs BPN) (Wheel Path) 



y= 0.01 06x- 2.0457 
R 2 = 0.2724 
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Fig. 11. Correlation of square root of variance with BPN for wheelpath 



1 micron step size, (Square root of Variance vs LBF) (Wheel Path) 



y = 0.5995Ln(x)-5.0141 
R 2 = 0.3081 
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Fig. 12. 7 Correlation of square root of variance with LBF for wheelpath 



6.2 Modeling analyses of 45 micron step size scans 

Although the 1 micron step size scans collected from aggregate surfaces on road pavement 
cores present a correlation with pavement skid resistance, it is still necessary to explore a 
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correlation between the pavement surface texture and pavement skid resistance. Because the 
aggregate surfaces just can provide with microtextural information to correlate with skid 
resistance, more information about the macrotexture of pavement surface need to be 
explored. 

In the previous section, the 45 micron step size scan, which spans over a length around 
46mm, has been found to be a good measurement for the characterization of macro- as well 
as micro-texture. For most of 45 micron step size scans, the dominant real roots usually 
present the characteristics of macrotexture and the characteristics of microtexture can be 
captured by using damping ratio criterion. Similar to the situation in 1 micron step size 
scans, the dominant contribution is much larger than other contributions in most of scans, so 
variance should have the same trend as the dominant contribution and represents the 
characteristics of macrotexture. The damping ratio criterion used here is that when the 
damping ratio is less than 13%, the corresponding contribution will be selected and then 
summed over all the contributions that satisfy this damping ratio criterion to obtain a partial 
contribution in one scan. For any given pavement core, there are twelve elevation scans 
collected from its surface so a total 12 partial contributions are summed up and then 
averaged to gain a partial contribution value for the given core. Since most of the 
wavelengths satisfying the damping criterion are less than 0.5mm, the texture can be 
depicted as microtexture and the associated partial contributions physically describe the 
averaged square deviation of microtexture roughness. 

Table 10 presents the correlation between DDS analysis and road surface friction BPN and 
LBF. In Table 10 the numbers represent the coefficients of correlation (R 2 ), The variance or 
square root of variance does not have a correlation with either LBF or BPN. It implies that it is 
almost impossible to correlate macrotexture with road surface friction in 45 micron step size 
scans. In other words we could not find the correlation between macrotexture measures and 
road surface friction by the simple variance analysis or the dominant contribution analysis of 
DDS approach. On the other hand, there dose exist a correlation between microtexture (which 
is expressed by partial contribution) and the two kinds of road surface friction. One interesting 
phenomenon is that the correlation with wheel path cores is less than the correlation with all 
the cores. This implies that the traffic polishing influence on microtexture of road surface 
matrix is not significant. Here, a question is raised, how can the polishing process of vehicle 
tire affect road surface matrix? Will it change the macrotexture or something else? 
Table 11 presents the correlations of contributions that satisfy a new wavelength criterion with 
the two kinds of road surface friction. The wavelength criterion is that for every scan a special 
wavelength is prescribed, if a wavelength is equal to or less than the prescribed wavelength, 
the corresponding contribution will be picked and then summed up to gain a partial 
contribution based on the scan, which represents the averaged square roughness 
corresponding to the prescribed wavelength. For a given core, sum up all the partial 
contributions coming from all the scans on the given core and then average them based on the 
scan number. Four scale wavelengths are chosen, they are 0.5, 1.0, 1.5 and 2.0 mm. From the 
Table 11, when wavelength X < 1.0 mm, it will have the highest coefficient of correlation with 
the two kinds of friction and those two values are close to the coefficients of correlation values 
we found in 1 micron step size scans. Therefore, the polishing process of vehicle tire will 
mainly affect the 1 mm wavelength texture on road surface matrix. It should be pointed out 
that bituminous pavement surfaces in our analysis all belong to mixed types of pavement, they 
are composed of different compositions, such as different kind of aggregates and different size 
of aggregates. The type of mixed bituminous pavement has exhibited a significant influence on 
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the correlation of pavement surface texture with road surface friction tests. Table 12 and 13 
presented those coefficients of correlation between DDS analysis and friction tests for 1 micron 
and 45 micron step size based on different mixed type surface, respectively. 
In Table 12, SQRT (variance) means square root of variance, the square root of variance was 
obtained from each scan and then was averaged based on each pavement core, mixtype 4 
that it was mainly composed of sand and gravel (SG) and had the maximum aggregate size 
around 12.5mm, has the highest coefficient of correlation with BPN and LBF (the coefficients 
of correlation (R 2 ) are 0.5335 and 0.5167, respectively). Therefore, the aggregate profile on 
this type of pavement surface can be correlated well with friction tests. Mixtype SMA has 
the second place for the correlation with friction test. SMA was generally composed of SG 
(43%) and carbonate (57%) and the maximum aggregate size was around 19mm. The 
poorest coefficients of correlation with friction were mixtype Micro and Slag. It is realized 
that pavement constructed by slag aggregate usually has no correlation with friction test 
based on the characteristics of slag. So it is not surprising to obtain a poor correlation for 
slag pavement in terms of DDS analysis. 

Table 13-1 and 13-2 present the correlation of pavement surface texture with friction for 45 
micron step size scan analysis. SQRT(partial) indicates the square root of partial 
contribution and negative values represents an inverse trend. The partial contribution is 
obtained in terms of the above damping ratio criterion and is calculated based on each scan 
and is averaged for a given pavement core. In the tables, the column of SQRT (variance) has 
a weak correlation with both the friction tests for different types of mixtype pavement. It 
proves again that variance of elevation profile is not an appropriate description for surface 
texture to correlate with road surface friction. This conclusion is also consistent with the 
results we obtained in Chapter 2. When the surface texture wavelength is equal to or less 
than 1mm, mixtype SMA has the highest coefficient of correlation with friction BPN and 
LBF. For mixtype Micro, different from 1 micron analysis, it presents a good correlation with 
the frictions when wavelength varies from X<2mm, X<1.5mm, X<lmm, X<0.5mm and 
X<0.5mm (usually, the corresponding wavelengths satisfying the damping ratio criterion are 
always less than 0.5mm). Comparing Table 13-1 and 13-2, the wavelength X<0.5mm has the 
best correlation with the two friction tests (the R 2 values are 0.5498 with BPN and 0.4375 
with LBF). For other mixtype road surfaces, mixtype 4 presents some trend with friction 
tests and mixtype Slag presents no trend with friction once again. 

7. Conclusion 

As a research subject, pavement texture has been widely studied for the past several 
decades. However, most of these research works were limited to characterizing the 
pavement surface texture qualitatively and are limited to either variance or RMS or MTD. 
Pavement surface texture has been generally accepted as a combination of microtexture and 
macrotexture. Friction between tire and road surface is considerably dependent on surface 
texture. In recent years, more and more researchers revealed that microtexture, in particular, 
plays a significant role in the road/ tire contact friction. In this paper, experimental texture 
measurements and DDS modeling methodology were introduced to analyze the real road 
pavement surfaces obtained from Michigan. The elevation profiles collected from real road 
core surfaces were composed of 1 micron step size scan and 45 micron step size scan by an 
accurate laser sensor and were modeled by DDS program. Comparison of the modeling 
results, the following conclusions can be drawn. 
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1. Aggregate surface on real road pavement, to some extent, presents a correlation with 
road surface friction. For some mixtype (Such as Mixtype SMA, Mixtype 4 and Mixtype 
13) pavements, the aggregate surface has a good correlation with friction tests, but for 
some mixtype does not. 

2. The type of pavement has a significant effect on the correlation between surface texture 
and friction. Some types of pavement (such as Mixtype micro, Mixtype 4 and Mixtype 
SMA) present a strong correlation with friction, but some types do not exhibit the 
correlation with friction. And Mixtype 4 and Mixtype 13 have a consistent correlation 
from both aggregate surface and pavement surface matrix. 

3. Variance of elevation profile is found to be an improper parameter to correlate with 
surface friction for large step size scan, such as 45 micro step size scan. 

4. For some type of pavement, there exists a variation range of wavelengths where the 
corresponding roughness presents a good correlation with friction and these 
wavelengths are in the range of around 0.5mm to 2mm. 

5. It is worth mentioning that there exist many factors that may affect the road surface 
roughness, such as the construction date, the amount of daily traffic, etc. After more 
factors that affect the surface roughness are considered, a better correlation of 
roughness with friction can be obtained. 



Frequency 


Wavelength 


Damping 


Contribution 


Variance 


Cycles/ mm 


(mm) 


Ratio 


(mm 2 ) 


(mm 2 ) 


434 


0.002306 


3.09E-02 


2.48E-08 


2.25E-04 


250 


0.004006 


3.19E-01 


4.77E-07 




294 


0.003403 


4.49E-02 


5.18E-08 




168 


0.005956 


2.40E-02 


-1.04E-08 




9.94 


0.100563 


3.33E-01 


2.37E-05 




500 


0.002 




9.90E-08 




2.31 


0.433839 




2.01E-04 




Table 1. DDS model results from 


a 1mm scan (Ola) of a polished aggregate 


on AWI track 


Frequency 


Wavelength 


Damping 


Contribution 


Variance 


Cycles /mm 


(mm) 


Ratio 


(mm 2 ) 


(mm 2 ) 


466 


0.002146 


3.44E-03 


1.51E-08 


1.04E-03 


217 


0.004615 


5.49E-02 


-2.73E-08 




270 


0.003711 


4.75E-02 


3.52E-09 




322 


0.003102 


5.09E-03 


2.49E-10 




415 


0.002410 


2.37E-02 


3.83E-08 




367 


0.002727 


1.18E-02 


1.69E-08 




97.2 


0.010288 


6.77E-02 


9.44E-08 




112 


0.008947 


2.77E-01 


-3.30E-07 




7.02 


0.14245 


7.22E-01 


-3.80E-04 




93.2 


0.010725 


1.16E-06 






193 


0.005195 


5.63E-02 


-2.63E-08 




2.69 


0.372024 


1.42E-03 







Table 2. DDS model results from a 1mm scan (011) of an unpolished aggregate on AWI track 
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Scan ID 


Variance 
(mm 2 ) 


Dominant Wavelength 
(mm) 


Dominant Contribution 
(mm 2 ) 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


Ola 
01b 
01c 
Old 
Ole 


Oil 
012 
013 
014 
015 


2.25E-4 
7.24E-5 
1.14E-4 
2.66E-4 
4.65E-5 


1.04E-3 
2.75E-3 
7.86E-4 
5.42E-4 
1.41E-3 


0.4338395 
0.1930502 
0.2016536 
0.2810568 
0.2644803 


0.3720238 
0.1228199 
0.2457606 
0.307031 
0.4299226 


2.01E-4 
6.40E-5 
1.13E-4 
2.65E-4 
4.47E-5 


1.42E-3 

2.73E-3 
7.83E-4 
8.67E-4 

2.72E-3 



Table 3. Comparison of polished and unpolished Surfaces Modeling (lmicron) 



Frequency 


Wavelength 


Damping 


Contribution 


Critetion 


Partial 


Variance 


Cycles /mm 


(mm) 


Ratio 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


2.10 


0.477 


2.84E-01 


2.60E-04 




1.013E-5 


8.48E-4 


8.70 


0.115 


3.49E-02 


-1.17E-06 


-1.17E-06 






12.0 


0.084 


1.84E-02 


3.30E-03 


3.30E-07 






16.7 


0.060 




3.60E-05 








5.54 


0.181 


6.92E-03 


1.10E-05 


1.10E-05 






0.597 


1.674 




5.28E-04 








10.8 


0.093 


3.64E-01 


1.44E-05 









Table 4. 30a Polished Scan 



Frequency Wavelength Damping Contribution Critetion Partial Variance 



Cycles/ mm (mm) 



Ratio 



(mm 2 ) 



(mm 2 ) (mm 2 ) (mm 2 ) 



5.09 


0.196 


6.11E-02 


2.89E-05 


2.89E-05 


15.0 


0.067 


3.81E-03 


5.70E-07 


5.70E-07 


11.4 


0.087 


8.60E-02 


-4.38E-06 


-4.38E-06 


9.44 


0.105 


9.36E-03 


-1.84E-08 


-1.84E-08 


1.96 


0.510 


2.39E-01 


3.15E-05 




0.773 


1.293 




6.56E-05 




7.04 


0.142 


6.54E-02 


3.09E-05 


3.09E-05 


4.10 


0.244 


8.29E-03 


1.24E-04 


1.24E-04 


12.7 


0.079 


7.98E-03 


-3.47E-07 


-3.47E-07 


0.012 


82.44 




6.83E-02 




14.1 


0.071 


2.36E-01 


-1.26E-05 





1.80E-4 6.85E-2 



Table 5. 301 Unpolished Scan 
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Sc^" TD 


Variance 


Microtexture Wavelength 


Partial Contribution 






(mm 2 ) 


Range (mm) 


(mm 2 ) 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


30a 


301 


8.48E-04 


6.85E-02 


0.08-0.18 


0.07-0.24 


1.01E-05 


1.80E-04 


30b 


302 


2.66E-03 


9.82E-03 


0.07-0.16 


0.07-0.76 


1.70E-05 


1.05E-04 


30c 


303 


1.21E-03 


2.24E-03 


0.09 


0.07-0.66 


-3.62E-07 


1.60E-04 


30d 


304 


2.17E-03 


1.84E-02 


0.08 


0.07-0.23 


-2.80E-06 


1.54E-04 


30e 


305 


4.58E-04 


1.77E-02 


0.15 


0.07-0.4 


1.21E-05 


1.34E-04 



Table 6. Comparison of Polished and Unpolished Surfaces Modeling (30micron) 



Frequency 


Wavelength 


Damping 


Contribution 


Critetion 


Partial 


Variance 


Cycles /mm 


(mm) 


Ratio 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


0.0961 


10.4 


4.40E-01 


1.46 




-5.35E-07 


1.46 


6.56 


0.153 


3.25E-02 


-5.35E-07 


-5.35E-07 






5.31 


0.188 




-4.96E-03 








11.1 


0.09 




-1.67E-05 









Table 7. c45 Polished Scan 



Frequency 


Wavelength 


Damping 


Contribution 


Critetion 


Partial 


Variance 


Cycles /mm 


(mm) 


Ratio 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


(mm 2 ) 


11.1 


0.09 




-7.55E-04 




8.143E-04 


0.636 


2.12 


0.47 


2.76E-02 


2.05E-04 


2.05E-04 






5.89 


0.17 


1.88E-03 


9.08E-06 


9.08E-06 






7.57 


0.13 


2.34E-02 


-9.83E-06 


-9.83E-06 






9.86 


0.10 


3.61E-03 


2.04E-06 


2.04E-06 






3.81 


0.26 


3.84E-02 


1.86E-04 


1.86E-04 






11.1 


0.09 




2.34E-06 








2.98 


0.34 


4.78E-02 


4.21E-04 


4.21E-04 






0.15 


6.64 


4.74E-01 


6.36E-01 









Table 8. w45 Unpolished Scan 



Scan ID 


Variance 
(mm 2 ) 


Dominant 

Wavelength 

(mm) 


Partial 

Contribution 

(mm 2 ) 


Microtexture 
Wave-length 
Range (mm) 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


Polished 


Unpolished 


A45 
B45 
C45 
D45 

E45 


V45 
W45 
X45 
Y45 

Z45 


0.336 
2.03 
1.46 
0.247 
0.697 


0.463 
0.723 
0.636 
1.55 
0.999 


4.7 
5.26 
10.4 
15.74 

3.9 


6.14 

7.53 
6.64 
5.68 
9.41 


-9.23E-6 
1.3E-4 

-5.35E-7 
1.26E-5 
-4.65E-5 


5.44E-4 
5.37E-4 
8.14E-4 
1.19E-3 
7.02E-4 


0.153 
0.1-0.22 
0.1-0.14 
0.1-0.23 
0.1-0.13 


0.1-0.37 
0.1-0.47 
0.1-0.47 
0.1-0.37 
0.1-0.32 



Table 9. Comparison of Polished and Unpolished Surfaces Modeling (45micron) 
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BPN 


LBF 




All cores 


Wheel Path 
cores 


All cores 


Wheel Path 
cores 


Variance (mm 2 ) 

Square root of variance (mm) 

Partial contribution (mm 2 ) 


0.0044 
0.0104 
0.1395 


No trend 

No trend 

0.1156 


0.0015 
0.0059 
0.1333 


No trend 

No trend 

0.101 



Table 10. Correlation between DDS analysis and road surface friction 





Contributions satisfy wavelength X (mm) criterion 




^<0.5 


A,<1.0 


X<1.5 


^<2.0 


BPN 
LBF 


0.1769 
0.0766 


0.2455 
0.2837 


0.1187 
0.0362 


0.1408 
0.1564 



Table 11. Polishing influence on wavelengths of road surface texture 





Coefficient of correlation (R 2 ) 




BPN 


LBF 


Core Types 


variance 


SQRT 
(variance) 


variance 


SQRT 
(variance) 


All cores 


0.0842 


0.1835 


0.1187 


0.2383 


Wheel path cores 


0.1542 


0.2742 


0.1763 


0.3142 


Mixtype Micro 


0.0086 


0.0377 


0.0015 


0.0027 


Mixtype SMA 


0.2589 


0.3484 


0.1858 


0.2263 


Mixtype 13 


0.1325 


0.1695 


0.1964 


0.221 


Mixtype 4 


0.3434 


0.5335 


0.3281 


0.5167 


Mixtyp SLAG 


0.0122 


0.0298 


0.0355 


0.0959 



Table 12. Correlations between core types and surface measures for 1 micron step size 





Coefficient of correlation (R 2 ) 


Core Types 


SQRT 
(variance) 


SQRT(Parti 
al) 


A,<0.5 


A,<1.0 


A,<1.5 


X<2.0 


Wheel path cores 


0.0613 


0.1461 


0.1769 


0.2455 


0.1187 


0.1408 


Mixtype Micro 


0.1264 


0.4198 


0.5498 


0.4672 


0.6319 


0.5209 


Mixtype SMA 


0.2198 


0.4553 


0.5027 


0.7122 


0.6569 


0.585 


Mixtype 13 


0.0929 


0.0291 


0.0001 


0.0068 


0.0016 


0.0038 


Mixtype 4 


0.0015 


0.2879 


0.1575 


0.1057 


0.0575 


0.048 


Mixtyp SLAG 


0.1212 


0.0021 


0.0575 


0.0715 


0.0905 


0.0777 



Table 13-1. Correlations between BPN and surface measures for 45 micron step size 
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Coefficient of correlation (R 2 ) 


Core Types 


SQRT 
(variance) 


SQRT 
(Partial) 


^<0.5 


A,<1.0 


X<15 


^<2.0 


Wheel path 
cores 

Mixtype Micro 
Mixtype SMA 
Mixtype 13 
Mixtype 4 
Mixtyp SLAG 


0.0603 
0.2969 
0.0391 
0.0792 
0.0136 
0.0299 


-0.002 
0.3399 
0.1205 
0.0595 
0.345 
0.0526 


0.0766 
0.4375 

0.00000 

1 
-0.1503 
0.0073 
0.2446 


0.2837 
0.2544 
0.4417 
0.0272 
0.2407 
0.2246 


0.0362 
0.2032 
0.008 
-0.2499 
0.0752 
0.2114 


0.1564 
0.2023 
0.2179 

0.00009 
0.1588 
0.2072 



Table 13-2. Correlations between LBF and surface measures for 45 micron step size 
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Adhesion Theory for Low Friction on Ice 
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1. Introduction 

Ice is one of the lowest frictional materials on the earth. Its low friction enables us to utilize 
for enjoyment of skating, skiing and sledging. 

Why friction on ice is so low? It has been known since ancient times that a liquid lubricant 
such as oil can reduce the friction, and many scientists have analogically guessed that water 
formed at the interface between ice and a slider may serve as lubricant. Two theories have 
been proposed to explain the formation of liquid water at the interface: one relates it to 
pressure melting (Joly, 1887; Reynolds, 1899) and other to friction melting (Bowden & 
Hughes, 1939). Bowden and Hughes obtained for |Lik between the plates and rotating ice disk 
a large value of 0.3 at a velocity of 30 mm/s against a small value of 0.04 at a higher velocity 
of 5 m/s. This experimental result has been essential basis in friction melting theory. 
Pressure melting theory has been abandoned because heat must be carried from 
temperature region higher than real contact area. Friction melting theory has been 
supported by Bowden (1953, 1955), Shimbo (1961), Barnes et al. (1979), Evans et al. (1976) 
and other many reseacher to explain their experiments. Also, Huzioka (1962, 1963) observed 
the refreezed icicles appeared snow grains and Tusima & Yosida (1969) observed the 
splashed water from interface between a rotating disk of ice and an annular slider at high- 
speed friction (10~20m/s). Hence, the existence of liquid water has been generally accepted 
as the cause of the low frictional coefficient of ice. Other speculative theories have been 
proposed by Weyl (liquid-like layer, 1951), Niven (rotation of ice molecules, 1959), 
McConica (vapor lubrication, 1959), Huzioka (sintering, 1962), and Tusima (adhesion 
theory, 1976, 1977). 

The frictional melting theory thought that the melted water prevented the direct contact of 
two surfaces and lubricated between slider and ice as self-lubrication. This speculation 
introduced by similarity that small coefficient of friction may be inherent to liquid 
lubrication without examination feasibility of adhesion theory. So that, in many cases, it has 
been missed the following important property concerning to the friction process of ice: 
hardness and shear strength of ice, adhesive strength, real contact area, observation of 
frictional track, qualitative explanation of frictional resistance, etc. Several contradictory 
report have been presented on |Lik of ice in the absence of liquid water. Tabor & Walker 
(1970) and Barnes et al. (1971) obtained a low value of 0.05 for |Lik between an ice cone and a 
stainless steel plane in a velocity from 10" 5 to 10 2 mm/s. Tusima (1977) obtained 0.005 to 0.1 
for|Lik in low velocity range 0.1mm/ s. Even if liquid lubrication were exist, we don't know 
reliable thickness of melt water for lubrication, because one scientist say few |um (Bowden & 
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Hughes, 1939; Ambach & Mayr, 1981) and other say few nm as thickness of melted water 
(Evans et aL, 1976). However, frictional anisotropy changed unavailable the liquid 
lubrication. This anisotropy of ice can explain only by adhesion theory. 

We can point out logical question for liquid lubrication theory that the water must be melted 
by frictional heat. Namely, if the friction was too small for production melt-water, the 
friction should be large in view of the theory. This is clear logical contradiction. Huzioka 
(1962) indicated high friction coefficient of 0.3 when remarkable icicles were observed 
around real contact area of snow grains. In speed skating, |ik is extremely small, nearly 0.005 
(Kobayashi, 1973; Koning et aL, 1992; Tusima et aL, 2000). Under these extremely low 
friction, skate will slide without lubrication liquid. Therefore (0001) ice rinks could display 
the properties of crystallographic plane of ice and (ik became smaller than normal rink. It is 
clear that low value 0.01 to 0.05 does not mean always the liquid water lubrication. If liquid 
lubrication appear, |Lik should be the value lower than 0.0001 as pointed out by Evans et al. 
(1976). 
According to classical adhesion theory of friction, frictional coefficient |Uk is given by 

Uk=s/p + (ploughing and other term) 

where s is adhesive shear strength of real contact, roughly equal to bulk shear strength of 
weaker material, p is the pressure of real contact area, nearly equal to the Brinnel hardness 
of softer material. Ice has extremely small shear strength s (IMPa at -10°C) compared to 
hardness (lOOMPa at -10°C). Therefore, |Lik becomes nearly 0.01 under dry friction. This 
means ice has an inherent low friction materia. In generally, second term is too small and 
can neglect (however in ice, this term can not always neglect depend on shape of slider.) 
The narrow water between ice and material can not apply bulk contact angle and behave 
abnormal as shown by Hori (1956) and Jellinek (1967). Itagaki & Huber (1989) noticed that 
the effect of squeeze out will thin water layer in real contact area as shown by Furushima 
(1972). 

2. Physical properties of ice 

2.1 Hardness of ice 

Fiction occurs at real contact area. When hard steel ball slides on flat plate of ice, real contact 
area will be formed by the plastic deformation of ice. The pressure of real contact decrease in 




Temperature, °C 



Fig. 1. Brinell hardness of single crystal of ice (Mendenhall Glacier ice) (from Butkovich, 
1954), solid line and for polycrystalline of ice (from Barnes & Tabor,1966), dashed line shows 
pressure melting curve. 
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the process of plastic deformation, it will attain area depend on the sliding condition. 
However it is difficult to estimate an exact area in the sliding process on ice. When hard 
steel ball slides on flat plate of ice, apparent contact area is only one, the area will be equal to 
real area. The area will be given by the Brinell hardness. Butkovich (1954) measured the 
Brinell hardness as a function of temperature and loading time, by the use of indenter 
diameter 3.2mm. The result shows in Fig. 1 and Table 1. Hardness changed by 
crystallographic plane of ice (parallel and perpendicular to c-axis), temperature and loading 
time. The value increased with lowering temperature. 



Temperature 


Butkovich 1 ) 


Barnes & Tabor 2 ) 
polycrystalline 


Bowden & Tabor 3 ) 
polycrystalline 


C-axis 


JL C-axis 


-0.25 








18 


-2 






30 




-4 


60 


77 






-5 






45 


34 


-10 


118 




60 




-15 


125 


111 






-20 


145 


126 


90 


60 



x ) Indenter l/8"ball, single crystal of Mendenhall glacier, || C-axis 15.4N load, _L C-axis 25.2N load 
2)- 3 ) Indenter Diameter 50mm, load 1000N 2)Barnes & Tabor (1966) 3)Bowden & Tabor(1964) 

Table 1. Brinell hardness of ice, p MPa(=10kgf/cm 2 ), loading time 1 sec. 

Barnes et al. also measured the Brinell hardness of ice under the load of 1000N, diameter of 
indenter 50mm. The value of hardness becomes lower in larger indenter than smaller one. 



2.2 Shear strength of ice 

If the bond of real contact area is strong enough, the break will occur in inside of ice in 
sliding process. In generally, the value will not exceed the shear strength of ice itself. 
Therefore it is interested in shear strength of ice. 



Temperature 

°C 


Jellinek 
MPa 


Raraty & Tabor 
MPa 


Butkovich 
MPa 


Tusima & Fujii(1973) 


C-axis 


_L C-axis 


-2 


0.2 






1.8 


2.7 


-5 


0.5 


0.8 


1.37 






-10 


1.2 


1.6 


1.55 


2.2 


3.3 


-15 


1.5 










-20 




3.1 




2.6 


4.3 


-30 




5.1 


2.17 


2.9 


5.5 



Table 2. Shear strength of ice, S MPa 

Table 2 shows the measured value in several experiments. The value was very low 0.5-1.4 
MPa at -5°C, and 1.2-3.3 MPa at -10°C in comparison to hardness of same temperature. The 
ratio s/p gives |ik of ice in adhesion theory. From table 1 and 2, |Lik is estimated about 
0.007-0.09 at -5°C and 0.01-0.07 at -10°C. 
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2.3 Adhesive strength of ice 

There are many studies on adhesive strength of ice to other materials. Some results are 
shown in Table 3. It is noticed that the value of table is 1 order smaller than bulk shear 
strength of ice (Table 2). 



Brunner (1952) 
MPa 


Landy & Freiberger (1967) 
-12°C, MPa 


Jellinek (1970) 
-4.5°C, MPa 


metal 0.95 
polystyrene 0.59 
paraffin 0.46 


PTFE 0.32 

PE 0.26 

PMMA 0.64 


stainless rough 0.61 
polish 0.3 
mirror 0.06 



Table 3. Adhesive shear strength of ice 

Jellinek (1970) showed the effect of surface roughness of stainless steel as shown in each 
surfaces noticeably cleaned. We know that the adhesive strength is smaller than shear 
strength of ice in experience. 

3. Friction of steel ball on single crystal of ice 

The sliding of hard spherical surface on flat plate has been used for fundamental study of 
the mechanism of friction between materials (Bowden & Tabor, 1950). In this sliding, 
apparent contact area will be equal to real contact area. Therefore it gives to possibility 
qualitative evaluation for friction. 

3.1 Experimental apparatus 

The apparatus is shown schematically in Fig. 2. A rectangular-shaped ice sample was onto 
PMMA (Polymethylmethacrylate) disk A, which was mounted on a metal block M. The block 
M was driven either forwards or backwards on the upper surface of the thick rigid framework 
by a motor through reduction worm gears, and the ice sample on it was moved at a constant 
speed ranging from 1.5xl0" 7 to 7.4xl0" 3 m/s. Apparatus adjusted to lmm/m by precise level. 
A steel ball, 6.4 mm in diameter, contacting the ice surface was mounted and fixed to a brass 
cylinder, to the top of which a metal lever L was firmly fixed. One end of the lever was free, 
while the other end was connected to a universal joint. A load which ranged from 0.4 to 31 
N, was exerted onto the ice surface by suspending a weight the lever. The weight which 
corresponds to a given load was immersed in an oil bath that prevented the weight from 
shaking. 

The friction force between the fixed steel ball the moving ice surface was continuously 
measured by the use of a force-measuring system which consisted of transducer, a bridge 
box, a strain meter and recorder. The ice sample can be shifted in the transverse direction by 
moving the mount M so that each friction run may be made on a virgin ice surface. The ice 
sample can also be rotated into any horizontal orientation by turning the disk A so as to 
measure the friction force on ice for various crystallographic orientations. 

3.2 Ice samples and steel ball 

Tyndall figures were artificially produced at a corner of a large single crystal of ice collected 
from the Mendenhall Glacier, Alaska. By the aid of the Tyndall figures, two rectangular ice 
pieces were simultaneously cut out from the ice crystal in a way in which the frictional 
surface of the one was set parallel to the crystallographic basal plane (0001) and that of the 
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Fig. 2. Schematic diagram of the experimental apparatus. 

other parallel to the prismatic plane (1010). These two pieces were placed side by side and 
frozen to an PMMA disk so as to form a bicrystal sample of ice. This sample was finished by 
lathe. It was annealed again at -3°C until the turned surface become glossy like a mirror, and 
then brought into a cold room at an experimental temperature of -0.5 to -30°C. When it was 
exposed to lower temperature than -10°C, its surface occasionally became cloudy. Such 
samples were excluded from the experiment, and only glossy surfaces were used 
experimental studies on friction. 

Steel ball with different sizes ranging from 1.6 to 12.7 mm in diameter were used in the 
experiment. The steel ball was cleaned by immersing it in an ultrasonic cleaning-bath filled 
with a mixture of alcohol and acetone and then in bath filled with distilled water. The ball was 
cleaned again by washing it in the bath of distilled water and dried under a heating lamp. 
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# 



1 cm 

Fig. 3. A steel ball slider mounted on a brass cylinder. Left: Microscopic asperities of a slider 
6.4 mm in diameter (a) tungsten carbide ball, (b) steel ball 

4. Experimental results 

4.1 Anisotropy of friction on crystallographic plane of ice 
4.1.1 Friction curve 

Steel was slid on flat plate of ice linearly connected 5 single crystal of grains as illustrated in 
Fig. 4. Velocity was slow as 7.4xl0 5 m/s, temperature at -10°C, slider diameter 6.4mm of 
steel ball. In this condition, melting of ice does not occur. It was observed that the frictional 
coefficient changed by each grain. However it is noticed that the values were low as from 
0.02 to 0.04. 




20 30 40 50 

Sliding distance, mm 

Fig. 4. Anisotropy of friction on crystallographic plane A, B, C, D, and E of ice. Longitudinal 
axis friction coefficient, horizontal axis sliding distance mm. Inclined lines show (0001) plane 
of ice. Temperature -10°C, Velocity 7.4xl0- 5 m/s, Slider diameter 6.4 mm, Load 4.7N. 
Inclined line shows (0001) of ice. 

Anisotropy in Fig. 4 will not explain by frictional melting theory. This supports adhesion 
theory because the hardness, shear strength and plowing strength depend on 
crystallographic plane of ice. Plane (0001) of ice is most hard for vertical load and most weak 
for shear force because (0001) correspond to crystallographic sliding plane of ice. 
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0.10 r 




4 6 8 10 
Load W, N 



4 6 8 10 
Load W, N 



Fig. 5. (a) Dependence of friction on load for a basal and a prismatic plane of ice. (b) Contact 
area and ploughing cross-section against load. Velocity 7.4x1 O 5 m/s, Temperature -10°C, 
slider diameter 6.4 mm. o (0001), • (1010) (from Tusima, 1977). 



4.1.2 Load effect 

As an example, p* for both the basal and prismatic planes, at a velocity of 7.4 xlO -5 m/s and 
at a temperature of -10°C, was plotted against the lower range of loads, less than 5 N for 
both cases, while it linearly increased with the increase in load in the higher range of load. A 
similar tendency to that in Fig. 5 was observed for different sliding velocities as seen in Fig. 9. 
The friction F in the present experiment is composed of two factors: 

F = F S + F P , (1) 

where F s and F p respectively are concerned with the adhesion of ice and the ploughing of 

ice. 

F s and F p are, respectively, proportional to A/ W and A*/ W, in which W is the load applied, 

and A and A* are the contact area and the ploughed area, respectively. It was found in the 

experiment that the ratio A/W is constant for any load, but the ratio A*/W increases with 

increasing load as shown in Fig. 5(b). Since the ploughing area A* was so small in the lower 

range of load, the ploughing effect was very small as compared with the sliding effect. It 

may, therefore, be concluded that the increase of |ik in the higher range of load may be 

attributed to the increase of the ploughing effect. 

As described before, it is important to measure the width of the sliding track left on the ice 

for interpreting the experimental results. The track width, the contact area, the average 

pressure acting on the contact area, and the cross-section ploughed for different loads are 

summarized in Table 4. 

The contact area A can be expressed by using the track width cp as follows; 

A=;r( 9 /2)2fc (2) 

where k is a factor which is dependent on the visco-elastic properties of the contact area, the 
value of k being between 0.5 and 1.0. Fig. 6 shows the real contact area in the process of 
friction of a glass ball on ice. We know that the value of k is equal to 0.8 from this Fig. 6. 
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Load 
W 

N 


Coefficient 
of friction 

ILik 


Track 
width, 
cp 10- 3 m 


Contact 
area, A 
10-6 m 2 


Mean 
pressure 
MPa 


Ploughing 
area, A* 
10-8m2 


Calculated values 


Vs 


^p 


Hs+Hp 


ILik 


1.4 


0.020 


0.16 


0.016 


9.0 


0.011 


0.008 


0.008 


0.8 


3.0 


0.018 


0.22 


0.030 


97 


0.028 


0.007 


0.009 


0.9 


4.0 


0.021 


0.29 


0.053 


75 


0.064 


0.009 


0.016 


1.2 


5.5 


0.022 


0.34 


0.073 


75 


0.10 


0.009 


0.018 


1.2 


8.0 


0.026 


0.37 


0.085 


92 


0.13 


0.007 


0.016 


0.9 


10.0 


0.036 


0.47 


0.14 


75 


0.27 


0.009 


0.026 


1.0 


16.0 


0.043 


0.58 


0.21 


76 


0.51 


0.009 


0.032 


1.0 


22.0 


0.057 


0.75 


0.35 


62 


1.10 


0.011 


0.058 


1.1 


31.0 


0.070 


0.88 


0.49 


64 


1.80 


0.011 


0.058 


1.0 



T=-10°C, V=7.4xl0-5 m /s. glacier ice ( 1010 ), S=0.7 MPa, K=0.8 

Table 4. Some experimental results obtained in the experiment on friction of ice and the 
predicted values of the shear friction jlx s and the ploughing friction jLt p . (after Tusima, 1977) 



motion 



motion^ 




Fig. 6. Real contact area in the process of friction. Sliding of a hemispherical glass slider on a 
flat plate of ice coated with silicon oil to avoid condensation on the slider. Velocity: 7.4x10- 
2 mm/s, load: 4.75N left ( 1010 ), at right (0001) 

4.1.3 Velocity dependence of friction 

In order to clarify the dependence of the friction of ice to velocity, the friction force was 
measured with velocities for various loads. A typical results obtained is shown in Fig. 7, in 
which |Lik is plotted against the velocity obtained for both the basal and prismatic planes. As 
seen in this Figure, |Lik decreases with an increase in the velocity V. The width f of the track 
of the ball was also measured for each run of the experiment, and a similar tendency was 
obtained between cp and V to that obtained between |Lik and V. This shows that the larger 
friction at lower velocities can be attributed to the larger plastic deformation of ice at the 
contact area. 



4.1.4 Temperature dependence of friction 

The coefficient |Lik and the width of the sliding track cp are plotted in Fig. 8(a) and (b) against 
the ice temperature in raising process from -20°C up to -1°C at a rate of 1.5 deg/h. It was 
found that friction reaches a minimum at a temperature of -7°C when the sliding velocity is 
7.4 xlO" 5 m/s and the load is 4.8 N. As seen in this figure, the friction at a temperature below 
minimum friction increases on lowering the temperature, which is due to the increase of 
shearing strength of ice (Butkovich, 1954; Tusima & Fujii, 1973). The friction at higher 
temperatures above the temperature of minimum friction markedly increases as the ice 
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Fig. 7. (a) Dependence of friction an velocity, and (b) width of a sliding track against load. 
Temperature -10°C, Load 14N, Diameter of slider 6.4mm (after Tusima,1977) 

temperature approaches its melting point. This increase may be closely to the increase in the 
width of the sliding track as shown in Fig. 8(b). We may conclude that the increase in the 
friction is caused by the ploughing of ice at the contact area. It should be noted that the 
minimum friction shifted to a higher temperature as the friction velocity was reduced. For 
example, it was at -4°C and -2°C when the velocity was 1.5xl0 5 and 1.2xl0 6 m/s, respectively. 




-4 -6 -8 -10 -12 -14 -16 -18 -20 
Temprature, °c 



-8 -10 -12-14-16 -18-20 
Temperature , °C 

Fig. 8. (a) Dependence of friction on temperature, and (b) dependence of the width of the 
sliding track on temperature (after Tusima, 1977). 



4.1.5 jjr-V-W diagram 

Dependence of the friction coefficient on the sliding velocity and load for a prismatic and a 
basal plane of ice are respectively summarized in Fig. 9(a) and (b). The coefficient |Lik ranged 
from 0.005 to 0.16. Though the friction varies with velocity, load and temperature, it is much 
smaller than those observed for metals. The coefficient |Lik is much smaller for the basal plane 
than for the prismatic plane for any experimental conditions. This may be due to the fact 
that the ice is very strong when it is compressed perpendicular to the basal plane, while it is 
very weak against a shearing force, which will be discussed later again. 
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1.2 10" 3 1.5-10" 2 7 .44 CT 2 0.37 



1.5-10- 2 7.4-ia 2 0.37 1.8 
Velocity, mm 



1.8 '-ii" 3 

Velocity, mm 

Fig. 9. Hk-V-W diagram, (a) for a prismatic plane, and (b) for a basal plane. 
Temperature -10°C, Slider diameter 6.4mm(after Tusima, 1977). 
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Fig. 10. Size effect of a steel ball on the friction of ice against diameter (a) and inverse 
diameter (b). Solid circle on the prism plane ( 1010 ); open circle on the basal plane (0001). 
Temperature -10°C, velocity 7.4xl0" 5 m/s, load 4.8N. (after Tusima,1977) 



4.1.6 Effect of the size of ball 

The degree of ploughing of ice by a steel ball may become larger as the ball becomes smaller 
in size. In order to examine the size effect of ball on friction of ice, steel balls of different 
diameters ranging from 1.6 to 12.7 mm were used as a slider. The results obtained are 
shown in Fig. 10. As was expected, |ik increased with the decrease in size of the ball for a 
smaller range of diameters than 9.5 mm when the load, the sliding velocity, and the 
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temperature were 4.8 N, 7.4xl0 5 m/s and -10°C, respectively. However, |ik remained 
unchanged when a steel ball larger than 9.5 mm in diameter were used and this will give 
pure shear friction. 

|Lik-V-l/R diagram is shown in Fig. 11. R is diameter of slider. Fig. 11 shows the same 
relation to Fig. 10. 



1.2, 
10" 




1.5 2 7.4 037 1.8 & V 1.2 

10 " 10 ~ Velocity, mm/ s 1(r 



1.5 , 7.4 0.37 1.8^ \\ 

10 10 



Fig. 11. |Lik-V-l/D diagrams, on prism plane (1010) at left; on basal plane (0001) at right. 
Temperature : -10°C; load: 4.75 N. 

1/R— >0 correspond to pure shear friction and gives possibility the determination of shear 
strength s. 

4.1.7 Effect of other crystallographic plane of ice on friction 

Fig. 12 shows jik against inclined basal plane. The |ik were roughly constant between to 
60°, but (ik increased to high value in between 70 and 90°. Of course, jj* changes by sliding 
orientation even on same plane. 



4.1.8 Feature of frictional track of ice 

Observation of frictional track of ice as shown Fig. 13 may give information as the solid 
friction mechanism. Ice has high vapor pressure and the disturbed region was changeable 
by sublimation, annealing and recrystallization etc. Therefore, the track must be observed 
quickly after sliding. Fig. 13 shows the groove, recrystallizaion, microcrack, plastic 
deformation etc. 
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Fig. 12. Coefficient of kinetic friction jiik against angle of basal plane for ice surface. 
Temperature -10°C, velocity 7.4xl0 5 m/s, load 4.7N. 




f basal 
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Fig. 13. Frictional track of ice a : low load, b : recrystallization on prism plane of ice, 
medium load, c : recrystallization and crack, heavy load, d : recrystallization of basal plane 
of ice, medium load, e : recrystallization and crack of basal plane of ice, heavy load, f :(left) 
recrystallization of basal plane, (right) recrystallization of prism plane, g : small angle grain 
boundary, crack and recystallization of prism plane, a~g at the temperature of -10°C, h : 
rarely pattern like melting at -30°C 
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It was found that friction on ice is very low even at a very small velocity; namely the |Lik 
varied from 0.005 to 0.16 for velocities ranging from 1.8><10- 3 to lxl0- 7 m/s. Such low friction 
on ice at extremely small velocities cannot be explained by frictional heating. 
The temperature rise of ice, AT, due to friction can be expressed as follows (Bowden & 
Tabor, 1950): 

AT = ji k WV/[4a(ki+k 2 )] / (3) 

Where |Lik is the coefficient of friction, W the load applied, V the friction velocity, a the radius 
of the contact area and ki and k 2 the thermal conductivities of slider and ice. The maximum 
temperature rise AT predicted from this formula is only 0.3 deg even when the maximum 
values of load W and friction velocity V used in the present experiment and the maximum 
value of friction coefficient 0.2 were substituted into the formula. It is obvious that the 
temperature rise due to frictional heating cannot cause melting of the ice. 
It was also confirmed that melt water cannot be produced at the contact surface by pressure 
except at high temperatures. 

According to adhesion theory, the frictional force F on ice can be divided into the shear 
resistance F s and the ploughing resistance F p : F=F S +F P . The coefficient of friction Hk(=F/W) 
can, therefore, be written as the sum of the shear term |Lis and ploughing term |u p : |Uk=|Us + |Up. 
According to Bowden & Tabor (1950), F s and F p were respectively given by: 

F s =k u <p 2 s/4, F p = <p 3p/6R2 (4) 

where s and p are respectively the shear and the ploughing strength of ice, R is the diameter 
of slider, cp is the width of the sliding track and k is a constant. The coefficient of friction jik 
can, therefore, be expressed as 

ju k = k 7t <p 2s/4W+ <p 3p/6WR (5) 

As the first term, k n cp 2 /4W, and a part of the second term, cp 3 /6WR, are constant for given 
load and a temperature, this formula can be simply expressed as 

|ik=A+a/R (6) 

where A and a are constant. 

A linear relation was actually obtained between jik and 1/R be in the experiment on the 

effect of slider size (Fig.lO(b)). This is evidence that the adhesion theory can be adopted for 

the friction of ice. 

The values of s and p were estimated as follows: As described when considering the size 

effect, only a shear deformation took place in the contact area when a slider of diameter 

R^ 9.5mm was used. 

The shear strength s is, therefore, given by s = 4F/k7t cp 2 , where the value of k is 0.8 as 

mentioned before. The value of the ploughing strength p was estimated from Equation (5). 

Since |u p = cp 3 p/6WR, the values of p can be obtained by substituting values of cp , W and R 

used in the experiment. The values thus obtained for s and p are 0.7 MPa and 75 MPa, 

respectively. By substituting into the Equation (3) these values of s and p, together with the 

experimental data obtained. These values are summarized in Table 4, together with some 

experimental data obtained for various load. As seen in this table, the coefficient of shear 

friction |u s does not vary with load, while that of ploughing friction |u p increases markedly 
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with the increase in the load. The predicted values of jLtic(=jLis+jLLp) agreed fairly well with 
those obtained by experiment for any load that ranged from 1.4 to 41 N as seen from the last 
column of Table 4 in which the ratio of (|i s +^p) to |ik observed in the experiment was given. 
The fact that the predicted value based on the adhesion theory agreed well with those 
observed in the experiment. It should be emphasized that ice still exhibits a very low friction 
even though the ploughing effect is fairly large at very small sliding velocities. 

4.2 Anisotropy of friction to sliding direction on same crystallographic plane of ice 

4.2.1 Anisotropy in friction and track width on prism planes (1010) 

Friction was measured every 10° on a prism plane (1010). No abrasive fragmentation 
occurred along the track, thus, friction tracks formed only by plastic deformation of ice. 




Fig. 14. Friction curve on prism plane (1010). Load : 6.9N, velocity : 7.4xl0- 5 m/s, 
temperature : -25°C, slider diameter 2.34 mm, allow shows direction of sliding. 

Fig. 14 shows the record of friction as a function of the angle from the [1010] direction. 
Other parameters of the test were: temperature, -25°C; velocity, 7.4xl0- 5 m/s; applied load, 
6.9 N; diameter of the slider, 2.34 mm. The coefficient |Lik reached its maximum in the [1010] 
direction and a minimum along [0001]. The value of |ik ranged from 0.12 to 0.16, the ratio 
maximum/ minimum being 1.3. 

Fig. 15 shows photographs of the terminal areas of friction tracks produced by a slider on 
the prismatic surface at -21°C. The deformed regions are extended beyond the sides of the 
track revealing mainly horizontal slip lines and microscopic crack produced by the slider 
(2.34 mm in diameter). Fig. 15(b) shows a deformed bulge that moved in front of the slider 
parallel to the basal plane. Note that many cracks which are oriented normal to the basal 
planes propagate ahead of the slider, but that no significant deformation areas were found 
at the sides of track. The deformed area which formed near the terminus when the slider 
was moved diagonally to the basal plane (Fig. 15(c)) showed an intermediate pattern 
between those of Fig. 15(a)and (b). Note that many cracks were created normal to slip lines 
oriented in the [1010] direction. 

From inspection of these photographs, we may conclude that when slider is moved parallel 
to the basal plane (Fig. 15(b)), comparatively higher values of |Lik may be obtained because of 
bulge formation in front of the slider. 
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Fig. 15. Traces in track ends of friction on (1010). Sliding directions: (a) [0001]; (b) [1010]; (c) 
30°from [0001]. Note that the basal slip lines extend parallel to [1010] and there is a dark line 
normal to the slip lines. Load 6.7N, velocity 7.4x1 0" 5 m/s, Temperature -21°C, — ^sliding 
direction, (after Tusima, 1978) 
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Fig. 16. Anisotropics in friction |Lik and track width f on (1010). Temperature: -10°C; load: 
14.4N; velocity :6xl0" 5 m/s; slider: 6.4 mm in diameter, (after Tusima, 1978) 
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The friction coefficient reversed at temperatures of ~10°C and above shown in Fig. 16. For 
this experiment, the temperature was -10°C, the velocity was 6.0xlO 5 m/s, the load was 14.4 
N, and the slider diameter was 6.4 mm. The maxima of the friction coefficient and the track 
width were observed to be in the same direction, which contrasts with the results obtained 
at temperatures of -21°C and below. 

4.2.2 Anisotropy in friction on inclined surfaces to (0001) 

As shown in Figs. 14 and 16, a significant amount of anisotropy in the |ik value was found on 
the prismatic surface where the orientation of the basal planes in ice are normal to the test 
surface, but on the basal surface itself no such anisotropy was observed. This may suggest that 
the |Lik value measured on a given surface of ice depends on the relationship between the 
sliding direction and the orientation of the basal planes in ice. Fig. 17 shows anisotropics in the 
|Uk value and the track width measured on a surface of ice cut diagonally against the basal 
plane. In this sample the (0001) plane was inclined at approximately 30° to surface. The 
abscissa is the angle of revolution of the test surface against the slider. When the angle of the 
test surface was fixed at 0°, the slider moved parallel to the basal plane on the surface. 





Fig. 17. Anisotropics in friction |Lik and track width 9 on (0001) declined at 30°. Temperature: 
-20°C; load: 6.9N; velocity : 7.4xl0- 5 m/s; slider: 2.34 mm in diameter (right) frictional track 
(after Tusima,1978) 

As shown in Fig. 17, two maxima in |Lik appeared at 0° and 180° (where the slider moved in 

parallel with the basal plane), but two minima appeared at about 120° and 260° (where the 

slider moved nearly perpendicular to the basal plane). Although values of jik changed 

significantly with sliding direction, a slight variation in track width was observed. 

As seen above, |Uk values on the prismatic plane in diagonally cut surfaces depended on 

sliding direction. In order to interpret the observed anisotropy, the friction track produced 

on the specimen surfaces was observed using optical microscopy. According to our 

observation, recrystallization, cleavage fissures, microcracks, slip lines, and small-angle 

boundaries were found to have formed along a friction track. 

The coefficient of kinetic friction |Lik may be explained solely in terms of prismatic 

deformation of ice. According to the adhesion theory, ^k is given by 
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\i k =(k(p 2 s/4 + k x q> 3 p/6R)/ W 



(7) 



where s is the interfacial shear strength between ice and slider, p the ploughing strength of 
ice, R the diameter of slider, W the applied load on the slider, cp the width of track produced 
by friction, k and k' the shape factors (for the sake of convenience, we shall assume that 
k = 0.8 and that k' =1 (Tusima ,1977). 

As seen in Equation (1), |Lik is composed of two terms, the first terms, interfacial shear and 
the ploughing effect of the slider. 

Fig. 10 shows jik, measured on the prism surface, as a function of temperature and reciprocal 
slider diameter. The velocity of the slider and value of applied load are indicated on the 
figure. jLik is inversely proportional to the diameter of the slider, suggesting that Equation (1) 
can be used in the interpretation of our results. According to Equation (5), the effect of slider 
ploughing disappears if the slider can be considered to have an infinite diameter. The 
largest slider diameter used in our experiments was 12.5 mm. If we assume that the 
ploughing term is negligible in value of |ik measured with this slider, then we can plot the 
shear strength of ice calculated by the shear term in Equation (4) as a function of 
temperature (Fig.18). 
From Equation (5), the ploughing strength p of ice is expressed as 



p = 6R(n k W -k(p*s/4:)V cp* 



(8) 



Since the s is known from Fig. 18, if we substitute numerical values for |ik and cp measured 
in the various sliding directions into Equation (8), we can estimate p as a function of 
direction. Fig. 19 shows the p anisotropy measured on the prism surface (1010), p is one of 
the indices used to express ice surface hardness. 




-10 -20 

Temperature, °C 



-30 



Fig. 18. Interfacial shear strength between ice and steel, plotted against temperatures, for 
planes (1010) and (0001). (after Tusima, 1978) 
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1( (a)-10°9 




Fig. 19. Ploughing strength on (1010) calculated from friction coefficients and track width, 
(a) Temperature: -10°C; load: 14.4N; velocity: 6.0xl0~ 5 m/s; slider: 6.4 mm in diameter, (b) 
Temperature: -21°C. (after Tusima, 1978) 

Butkovich (1954) and Offenbacher & Roselman (1971) measured the hardness anisotropy of 
ice single crystals. Offenbacher & Roselman found that, on the prism plane, Knoop hardness 
measured in the direction normal to the basal plane was smaller than the value obtained 
parallel to the basal plane. The p anisotropy obtained by the present author seems to agree 
roughly with the Knoop-hardness values obtained by Offenbacher & Roselman (1971). 
The appearance of a maximum in the value of p along [1010] may be understood by the 
bulge formed ahead of slider (Fig.l5(b)). The anisotropy in the coefficient of kinetic friction 
on the prism surface of ice can be explained in terms of the anisotropy in p and cp . 
Therefore, the anisotropy in ^k depends on pep 3 . The value of p and 9 showed maxima or 
minima in the sliding direction [1010] and [0001]. Thus, the frictional anisotropy |Lik[101 
0]/|ik [0001] may be proportional to 



(p[1010]/p[0001])x( <p [1010]/ <p [0001])3. 

These values are summarized for various temperatures in Table 5. When the ratio of 
/?<p 3 [1120]/p(£> 3 [0001] becomes smaller than 1, frictional anisotropy is dominated by the 
track-width anisotropy. When the ratio is larger than 1, frictional anisotropy is dominated 
by ploughing-strength anisotropy. Both results agree with the experimental observations. 
The anisotropy in friction can be well explained by the anisotropics in ploughing strength 
and track width. 
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Temperature 


(<p[1010]/<p[0001])3 


p[1010]/ p[0001] 


ji[1010]/ji[0001] 


calculated 


observed 


-10 
-21 
-30 


0.40 
0.39 
0.51 


1.8 
3.4 

2.8 


0.72 
1.3 
1.4 


0.67 
1.3 
1.2 



Table 5. The ratio of track width, ploughing strength, and friction coefficient between 
directions of [1010] and [0001] for different temperatures on prism plane (1010). (after 
Tusima, 1978) 

Friction anisotropy on the basal (0001) and prism (1010) planes of ice was measured as a 
function of track width, the amount of plastic deformation caused by frictional sliding, as so 
on. It was found that, for the prism planes, friction reaches a maximum in the [1010] sliding 
direction on the (1010) planes and in the [1010] direction on the (1010) planes. Friction is at a 
minimum in the [0001] direction for both planes at temperatures below -19°C. At 
temperatures of -10°C and above, the maximum friction was observed in the [0001] direction 
and the minimum in the [1010] direction for (1010) planes, and in the [1010] direction for 
(1010). A remarkable friction anisotropy was (1010) planes, and in the [1010] direction for 
(1010). A remarkable friction was observed on pyramidal planes, although track- width 
anisotropy was very small. No marked anisotropy in friction was observed on the basal 
plane. 

The width of the frictional track also varied with the sliding direction on the prism plane; 
that is, it was at a maximum along [0001] and reached minima along [1010] for the (1010) 
plane and along [1010] for the (1010) plane, independent of temperature. 

4.3 Friction of plastic balls on ice 

4.3.1 Experimental method and samples 

The apparatus shown in Fig. 2 was used measurements ^k of polymer balls on a flat plate 

with crystal orientation (0001) of single-crystal ice. 

Polymer balls obtained from Urtraspherics Co. Ltd., USA, were: polymethylmethacrylate 

(PMMA), polytetrafluoroethylene (PTFE, Teflon), polypropylene (PP), polyethylene (PE), 

poly amide (PA, Nylon), polyacetal (POM), polycarbonate (PC) and polystyrene (PS). They 

were also cleaned in the same manner as a steel and tungsten-carbide ball (TC) without 

acetone. 



4.3.2 Friction and frictional track of plastic balls on ice 

The relations of |Lik to the load applied are shown in Fig. 20. The values of |Lik which were 
roughly constant for loads except for PMMA, were high, from 0.04 to 0.15. Constancy in |Lik 
follows from softness of plastics, compared with ice. 

Plastic ball except PMMA showed frictional track wider than steel ball and its |Lik were 
greater than steel ball. Ice surfaces were disturbed markedly as shown in Fig. 21. Fig. 21 
shows many streak, abraded particle, recrystallization, crack. The value of |Lik was the 
greater, surface damage of ice the heavier. 



320 



New Tribological Ways 



0.10 




! 1 
\ e 


I 


=k 








c 








•2 8 


_ 




- 


-t- 








U 








'l_ 
















o 








- 6 






O^-"""'' ^~j^ ~ 


0> 






-J5* — V^ ** 


c . 






^**^^ S^ 0* 


JK 






S\'' 


**- 








Z 4 






sSm* '* — 










c 






~-^-£^" * 


fc 






12^$=^^— <ft> 


o 


© ^^'" 




£ao2 




^^'" 


- 


01 




"^r***' 




o 
u 




i i 


i 



-5 -10 -20 

Temperature T, °C 



9:PA; 0:PE; 0:PTFE; ©:POM; ©:PP; ©:PMMA; 

Fig. 20. Dependence of friction on temperature on basal plane (0001) of ice. Load: 4.75 N; 
velocity: 7.4x1 0" 2 mm/ s; diameter of slider: 6.4 mm. broken line: steel ball, (after Tusima, 1980) 
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Fig. 21. Trace of a track marked by a slider ball on basal plane (0001) of ice. Figure under 
each picture shows coefficient of kinetic friction. Temperature:-5°C, load: 47.5N, velocity: 
7.4x1 0" 2 mm/s, diameter of a slider: 6.4mm (after Tusima,1980) 
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5. Other frictional properties of ice and snow 

5.1 Sliding of speed-skate on speed-skate ice-rink 

We knew that friction of ice had a minimum value in (0001) plane of ice at sliding of 
tungsten carbide ball on single crystal of ice. This relation was confirmed with sliding of 
speed skate as shown in Fig. 22 and Table 6. At first, ice plates with (0001) was connected in 
linearly, and test course gained of 1 m long. 




k/n 




Fig. 22. Sliding test by real skate left: |u0.031 on polycrystalline ice, right: \i 0.021 on (0001) of 
ice. Temperature: -10°C, velocity :0.05m/ s, load: 550N 

Ice surface cut carefully by microtome and one blade of speed-skate was slid by pulling 
constant speed. Friction force detected electrically by load cell and recorded on paper as 
shown in Fig. 22. Friction coefficient was 30% smaller on (0001) plane of ice than poly- 
crystalline commercial ice. 

Next, rink test is planned to control (0001) ice surface for skating rink because low friction of 
(0001) is confirmed on ice sample. Numerous large single-crystal of ice (diameter 0.1~0.15m, 
long 0.3~0.4m) was grown in direction parallel to c-axis in temporary prepared cold room of 
length 190m (Fig. 23). Thin plate of single-crystal (thickness 7mm) was cut by band-saw and 
the plate was pasted on ice-rink and grown by repeatedly supply a small amount of tepid 
water (40°C). Vertical thin section of obtained ice was shown in Fig. 25, left figure was view 
transparent light and right figure the view of cross polaroid. The crystallographic 
orientation was maintained constant in growing process of oriented over growth. Normal 
rink is polycrystalline as shown in Fig. 24. 

Preliminary test was made in short track of skating rink. Test skate with speed-skating 
brades was started at the initial speed, vo, of lm/s. The distance, I, until stop was measured. 
Average friction coefficient, \i, was determined as \i = vo 2 /2g£. 

Obtained results is shown in Table 6 at initial velocity about 1 m/s and ice temperature -3°C, 
load of 392N. Friction coefficient 0.0064 on (0001) is compared 0.0081 on normal ice rink, the 
coefficient decreased 21% in (0001) than one of polycrystalline ice rink (normal rink). 
Next, main test repeated in full scale speed-skating rink at Olympic Memorial Arena "M- 
Wave" Nagano, Japan. In this case, all surface round, 400m, changed to (0001) of ice. 
Therefore, comparison of \i was tried between (0001) ice of speed- skate rink and poly- 
crystalline ice of virgin ice-hockey rink on same floor. Table 6 shows comparison (0001) rink 
to normal rink at initial starting velocity lm/s. Friction coefficient 0.0038 on (0001) was 16% 
smaller than 0.0045 on normal rink. Measured coefficient of friction when initial velocity 
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changed in the range 0.2~3.5m/s was low as 0.003-0.008. At lower than lm/s, the 
coefficient increased with decreasing velocity though the value was 0.004-0.006 in higher 
initial velocity range than 1 m/s. 




Fig. 23. Ice making on ice-stalagmite Right: Horizontal section of ice-stalagmite 




Fig. 24. Normal rink ice left: vertical section, right: horizontal section (scale: minimum 
division 1mm) 




Fig. 25. Ice-stalagmite rink controlled to (0001) surface, Vertical section. Scale: minimum 
division 1mm 
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Fig. 26. Test skate by catapult 

Frictional melting does not occur in these conditions, any water did not exist. Pure solid 
friction will attain in these test, therefore it is considered to be reflected in sliding the 
properties of crystallographic plane of ice. If water concern sliding on ice, the water should 
be prepared by the frictional melting. The decrease of friction means the decrease of heat, 
therefore it is impossible to melt in extremely small friction as sliding of speed-skate shown 
in Fig. 27. It is concluded that anisotropy of friction by crystallographic plane of ice caused 
in pure solid friction without liquid. 
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Fig. 27. Relation between initial velocity and average friction coefficient (M-wave, Speed- 
skating rink, Nagano, Japan) (after Tusima,2009) 



Temperature 


-3.1°C 


-4.1°C 




Speed skate rink 
(0001) 


Ice hockey rink 
polycrystalline 




0.0040 
0.0037 
0.0036 
0.0037 
0.0040 


0.0046 
0.0044 
0.0046 
0.0042 
0.0045 


mean 


0.0038 


0.0045 



Table 6. Comparison of friction coefficient between test ice (0001) and normal one (M-wave, 
Nagano) Load: 294N, Initial velocity: 0.9-1. lm/s. (after Tusima et.al.,2000) 
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It is noticed the increase of |u the decreasing initial velocity. This |u - 
explanation of curl of curling rock. 



v relation will give the 



5.2 Tribology of curling stone on pebbled ice sheet 
5.2.1 Friction of curling stone on curling rink ice 

Friction of rock on curling rink ice estimated as following two methods. Average friction 
coefficient u was derived from mVo 2 /2 = umgs. Fig. 28 shows the average friction. The 
fiction coefficient increased in low speed region though constant for high speed. In 
generally, curling rock moves with weak spin. When counter clockwise spin is given, left 
side will decelerate in velocity therefore friction increases as shown in Fig.29. Anisotropy of 
friction between left and right will be cause of curl as mentioned by Harrigton (1924) and 
Denny (1998). 

Friction coefficient as a function of velocity will be given as follows; The change of sliding 
distance by unit time gives velocity; the change of velocity by unit time gives jig (where, g is 
gravitational acceleration). Therefore if the relation between sliding distance, s, until stop 
and sliding time, t, could be gained, frictional coefficient |u will be given; 

F=mdv/dt= - |umg 
where F is the frictional resistance, m the mass of rock, v the velocity. 

|1 = - (l/g)(dv/dt)= - (l/g)(dVdt2) 

Fig. 30 shows the log-log relation between sliding distance s and time t until stop of rock. 
In generally, stone is given very slow rotation (2~3 rotation until stop), it is wander the 
extremely low damping of angular velocity. To understand this reason, it is to clear the 
transverse friction component f y and angular friction one fe. 

Rock will almost move without decrease of angular velocity except around stop because 
friction to rotation becomes extremely small compare to longitudinal one. 
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Fig. 28. Average friction coefficient of rock for initial velocity, (after Tusima, 2010) 
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We suppose frictional resistance f y as moving direction and fe as tangential direction of 
rotation. Total resistance is f. The angle between f and f y supposed to B. 
is angle from x axis. 

fe=(sinfi/sin6)f 

jxe= (fe/% 
= {roo/[v 2 +2roavcose+(rG)) 2 ] 1 /2 } n 

If we suppose |u of 0.01, v of 1 m/s and roo of 0.04 m/s, we will get about 0.0004 for jne- This 
means angular velocity of rock does not almost decrease at high sliding speed. 

6. Conclusion 

In this chapter, it was noticed two points connected to friction: the considerably high value 
of ice hardness and extremely small shear strength of ice compared to hardness. This leads 
low friction in the view point of adhesion theory. 

The friction coefficient of steel ball on flat plate of ice was low even in low speed range. The 
friction showed remarkable anisotropy on crystallographic plane and sliding orientation. 
Frictional track on ice also showed remarkable anisotropy by the crystallographic plane and 
sliding orientation. These frictional features were well explained by adhesion theory. The 
friction of speed-skate was around 0.005, and this extremely low value gave dry friction, 
therefore the crystallographic planes of ice reflected to the friction coefficient of skate. 
In frictional research history on ice, almost research had overlooked above mechanical 
characteristics of ice and had thought much of fluid lubrication which based on the analogy 
of slipperiness and type of friction. Though the thermal analysis have explained well the 
frictional properties on ice, however it is not astonishing because the most frictional energy 
converts to heat. Thermal analysis apply to the frictional melting theory, adhesion theory 
and other. 

In frictional melting theory, it must exist liquid water which is prepared by fusion of ice. 
Therefore its theory needs the heat to melt which is given by frictional heat. If the heat is 
insufficient (namely, extremely low friction), the theory can not apply. This is logical 
contradiction of frictional melting theory for slipperiness of ice. Of course, if liquid exist, it 
will lead to low friction by weakness of contact bond. 
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1. Introduction 



There has been no much difference in usage pattern of EP/antiwear additive chemistry of 
additives in greases and other lubricants like cutting fluids and gear oils. These additives 
perform very well in some greases but not able to perform up to desired level in other 
applications. Due to high active sulfur content, they need supplementary additive with 
them for non-ferrous metal corrosion protection. Additive chemistry plays a vital role in 
performance of greases, none the less base fluid and thickener play an important role. As the 
greases is worked and churned in bearing, the grease is required to liberate some oil to 
lubricate race way surfaces. Some of the additives also released with oil but not able to go 
back in grease's jell structure. As a result depletion of additive takes place gradually and 
performance level of grease decrease. Thus the life of grease and bearings reduced. In view 
of this, the usage of solid additives with nano particle size is increasing in high performance 
greases in recent times. The biggest advantage of solid additives with nano particle size in 
greases is it provides the structure to grease by working as the thickener/ fillers and support 
the development of lubricating film on friction contact surfaces. Thus reduces the chances of 
depletion of additives with oil due to break down of grease structure due to high 
temperature and high load during operation. Analyzing the properties of 2- 
Mercaptobenzothiazole, we have attempted to study the performance of this additive in 
lithium complex grease. We have evaluated this additive in wide perspective of tribological 
behaviour in different combination with antiwear additives. Though the primary use of 2- 
Mercaptobenzothiazole is vulcanization accelerator for rubber, fungicide, copper corrosion 
inhibitors in various lubricants and coolants at a very low treat level. 2- 
Mercaptobenzothiazole has very high sulfur content hence it can also be used as an excellent 
EP additive. Due to presence of two nitrogen atom in MBT, it is slightly basic in nature 
which helps to neutralize the acidic components formed in application thus increases the 
life of grease. Additionally, due to solid nature it can work as a filler in greases and 
subsequently increases the yield of greases. 

2. Experimental details 

Lithium complex grease was prepared by conventional method by using 12-hydroxy stearic 
acid and lithium hydroxide. Dodecanedioic acid was used as complexing agent in Lithium 
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soap grease. An ISO VG 220 mineral oil was selected as a base fluid for better lubricity at 
high temperature application. The grease consistency was kept in NLGI 2 range. This grease 
was fortified with commercially available antioxidant, rust inhibitor to meet other 
requirements i.e. Thermal and oxidation stability, rust & corrosion resistance, water 
washout resistance property. Series of extreme pressure properties of Lithium complex 
grease were checked in following combinations of EP and antiwear additives. 

1. Lithium complex grease without any EP and antiwear additive 

2. Lithium complex grease with only 2.5% 2-Mercaptobenzothiazole (MBT) 

3. Lithium complex grease with combination of 2.5% 2-Mercaptobenzothiazole and 1.0% 
Zinc dialkyl dithiophosphate antiwear additive 

4. Lithium complex grease with combination of 2.5% 2-Mercaptobenzothiazole and 1.0% 
ashless antiwear additive 

5. Lithium complex grease with combination of 2.5% conventionally available sulfur- 
phosphorous chemistry based EP additive and 1.0% Zinc dialkyl dithiophosphate 
antiwear additive. 

The coefficient of friction was tested by universal tribometer in following combinations of 
EP and antiwear additives. 

1. Lithium complex grease with combination of 2-Mercaptobenzothiazole and Zinc dialkyl 
dithiophosphate antiwear additive 

2. Lithium complex grease with combination of 2-Mercaptobenzothiazole and ashless 
antiwear additive 

The testing conditions were as under. 
l.Load - 300 N 

2. Temperature - 60°C 

3. Frequency - 50 HZ 

4. Time - 120 minutes 

5. Contact - Pin-on-disk mode 

3. Results and discussion 

The test results of Lithium complex grease with 2- Mercaptobenzothiazole and ZDDP vis-a- 
vis Lithium complex grease with conventional EP additive and ZDDP are provided in Table 
1. The various regular properties of grease with new additive combinations i.e. combination 
of 2-Mercaptobenzothiazole and Zinc dialkyl dithiophosphate antiwear additive are similar 
with Lithium complex grease with combination of conventional EP additive and Zinc 
dialkyl dithiophosphate. This reveals that 2-Mercaptobenzothiazole has compatibility and 
good additive response in lithium complex grease. The series of extreme pressure 
properties of greases with different combinations of 2-Mercaptobenzothiazole with Zinc 
dialkyl dithiophosphate, ashless antiwear additive and grease with commercially available 
extreme pressure additive in combination with Zinc dialkyl dithiophosphate are provided 
in table 2. The four ball weld load of lithium complex grease 2 ( only 2.5% MBT) has 500 kg 
weld load. The wear scar dia is 0.78 mm. After addition of 1.0% Zinc dialkyl 
dithiophosphate and 1.0% ashless antiwear additive respectively in this grease the wear 
scar dia has come down to 0.30 mm in grease 3 and 4 respectively. Additionally, the weld 
load is increased by 50 kg. Whereas, the grease with conventional EP additive & antiwear 
additive has shown a weld load of 315 kg and wear scar dia 0.42 mm. The Timken OK load 
is also slightly higher with MBT compared to conventional EP additive. These higher values 
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Characteristics 


Lithium Complex 

Grease with 2 - 

Mercaptobenzothiazole 

and ZDDP 


Lithium Complex 

grease with 

conventional EP 

additive and ZDDP 


Test Method 


NLGI Grade 


NLGI 2 


NLGI 2 


NLGI 


Consistency, @ 25°C 

Worked, 60 X 
Worked, 100, 000 X 


281 
305 


283 
309 


ASTM D 217 


Drop Point,°C 


272 


272 


ASTM D 566 


Copper Corrosion 
@ 100 °C, 24 hrs 


la 


la 


ASTM D 4048 


Heat Stability, @ 100°C, 
30 hrs % loss 


1.85 


1.76 


ASTM D 6184 


Wheel Bearing test, 

Leakage by mass, gm 

Slump test 


2.63 
Pass 


2.66 
Pass 


ASTM D 1263 


Water washout @ 80°C, 
% loss wt. 


4.66 


4.98 


ASTM D 1264 


Roll Stability, % change 

@ ambient, after 16 hrs 

@ 82°C, after 48 hrs. 


6 
16 


7 
18 


ASTM D 1831 


Oxidation Stability, @ 100°C 
Drop in psi, @ 100 hrs. 


6 


6 


ASTM D 942 


Emcor Rust Test, rating 


0,0 


0,0 


IP 220 



Table 1. Test Results of Lithium Complex Grease with 2 - Mercaptobenzothiazole and 
ZDDP antiwear additive vis-a-vis Lithium Complex grease with conventional EP additive 
and ZDDP antiwear additive 



Characteristics 


Grease 1 


Grease 2 


Grease 3 


Grease 4 


Grease 5 


Test 
Method 


Load wear 
Index, kg 


66 


132 


166 


166 


112 


ASTMD 
2596 


Four ball weld 
Point,kg 


200 


500 


550 


550 


315 


ASTMD 
2596 


Four ball Wear 
scar dia, mm 


0.80 


0.78 


0.30 


0.30 


0.42 


ASTMD 

2266 


Timken OK 
load, lb 


15 


40 


50 


50 


45 


ASTMD 
2509 



Table 2. Tribological properties of Greases 

of four ball weld load, higher Timken load and lower wear scar diameter indicate that 2- 
Mercaptobenzothiazole has shown better response with lithium complex grease. The results 
of coefficient of friction of grease 3 (Lithium complex grease in combination of 2- 
Mercaptobenzothiazole and Zinc dialkyl dithiophosphate antiwear additive) and grease 4 
(Lithium complex grease in combination of 2-Mercaptobenzothiazole and ashless antiwear 
additive) are provided in Figure 1. The coefficient of friction of 2-Mercaptobenzothiazole in 
combination with Zinc dialkyl dithiophosphate and ashless antiwear additive is very low. 
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Fie. 1. 



4. Conclusions 
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2-Mercaptobenzothiazole has shown better compatibility with Lithium complex grease and 

resulting good additive response. 

Due to solid nature of 2-Mercaptobenzothiazole the yield of grease has increased marginally. 

The series of four ball EP tests and Timken Ok load test reveal that 2- Mercaptobenzothiazole 

has exceptional load carrying capacity compared to conventional EP additives. 

This is supported by low coefficient of Friction of greases compared to conventional EP additives. 

The Based on these test results, it can be summarized that 2- Mercaptobenzothiazole has 

exceptional load carrying capacity compared to conventional EP additives. 
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1. Introduction 



A new type of fluid film bearings called "wave bearing" has been developed since 1990' s by 
Dimofte (Dimofte, 1995 a; Dimofte, 1995 b). The main characteristic of the wave bearings is 
that they have a continuous wave profile on the stationary part of the bearing. 
The wave bearings can be designed as journal bearings to support radial loads or as thrust 
bearings for axial loads. One of the main advantages of the wave bearings is that they are very 
simple and easy to manufacture. In most cases they have only two parts. A journal bearing 
consists of a shaft and a sleeve while a thrust bearing consists of a stationary and a rotating disk. 
One of the bearing parts is sometimes incorporated into the machine part that is supported by 
the bearing. For example, the wave bearing can be used to support the gear of a planetary 
transmission, the bearing sleeve being incorporated into the gear (Dimofte et al., 2000). 
Compressible (gases) or incompressible (liquids) fluids can be used as lubricants for both 
the journal and thrust wave bearings. Tests were conducted with liquid lubricants (synthetic 
turbine oil, perfluoropolyethers -PFPE-K) and air on dedicated test rigs installed in NASA 
Glenn Research Centre in Cleveland, OH USA (Dimofte et al, 2000; Dimofte et al, 2005). In 
this chapter, the wave bearings lubricated with incompressible fluids, commonly known as 
fluid film wave bearings, are analysed. The performance of both journal and thrust bearings 
is examined. Because one of the most important properties of the wave journal bearings 
compared to other types of journal bearings is their improved stability, the first part of the 
chapter is dedicated to the study of the dynamic behaviour of the journal wave bearings. 
The wave thrust bearings can be used for axially positioning the rotor or to carry a thrust 
load. For this reason, the steady-state performance of the thrust wave bearings is analysed in 
the second part of the chapter. 

2. The journal wave bearing concept 

For a journal bearing, if the shaft rotates and the sleeve is stationary, then the wave profile is 
superimposed on the inner diameter of the sleeve. To exemplify the concept, a comparison 
between a wave bearing having circumscribed a three-wave profile on the inner diameter of 
the sleeve and a plain journal bearing is presented in Fig. 1. In Fig. 1, the wave amplitude 
and the clearance between the shaft and the sleeve are greatly exaggerated to better 
visualize the geometry. Actually, the clearance is around a thousandth of the diameter and 
the wave amplitude is less than one half of the clearance. 
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""Sleeve 

Plain journal bearing Three- wave journal bearing 

Fig. 1. Comparison between the wave journal bearing and the plain journal bearing 

Because the geometry of the wave bearing is very close to the geometry of the plain circular 
bearing, the load capacity of the wave bearing is close to that of the plain journal bearing 
and superior to the load capacity of other types of journal fluid bearings. In fact, due to their 
improved thermal stability, the wave journal bearings can actually carry more load than the 
plain bearings. The wave bearing concept solves two problems encountered by plain fluid 
film bearings by stabilizing the shaft (Ene et al., 2008, a) and by giving enhanced stiffness to 
the bearing (Dimofte, 1995, a). The wave bearings have also important damping properties. 
They attenuate the vibration of the rotor. Consequently, the additional fluid damping 
system, usually required when other types of bearings are used to support the shaft, can be 
eliminated. Due to their damping properties, the wave bearings can be also used to 
attenuate the noise generated by the gear mesh in a geared transmission (Dimofte & Ene, 
2009). The geometrical parameters of a journal wave bearing can be seen in Fig. 2. 



Starting point of the wave 



Sleeve 



Rotor 




_._._! 



Mean circle of the waves 



Fig. 2. The geometry of a wave journal bearing 

The radial clearance C of the wave bearing is defined as the difference between the radius of 
the mean circle of the waves, R me d, and the radius, R, of the shaft: 



C=R med -R 



(1) 
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The radial clearance is usually around one thousandth of the journal radius. For 
computational purposes, the wave amplitude is usually non-dimensionalised by dividing it 
by the radial clearance: 

£ w =^ (2) 

The ratio £ w is generally called the wave amplitude ratio. The wave amplitude ratio is one of 
the most important geometrical characteristics of a wave bearing because the performance 
of the wave bearing is strongly influenced by this ratio (Ene et all., 2008 a). The value of the 
wave amplitude ratio is usually smaller than 0.5. 

The performance of a wave journal bearing also depends on the number of the waves, n w , 
and on the wave position angle, y. The wave position angle is defined as the angle between 
the starting point of the waves (one of the points where the wave has maximum value) and 
the load, W (see Fig. 2). Theoretical and experimental studies indicate that the best 
performance is obtained for a bearing with three waves and a zero wave position angle. 
(Dimof te, 1995 a; Dimof te, 1995 b) . 

The load capacity of a wave bearing is due to the rotation of the shaft and to the variation of 
film thickness along the circumference. In a system of reference Osxy fixed with respect to 
the sleeve (Fig. 2), the film thickness is given by: 

h=C+xcosO+ysin0+e w cos[n w (0+y)] (3) 

where is the angular coordinate starting from the negative Ox axis and (x,y) are the 
coordinates of the rotor centre. 

3. Methods for analysing the dynamic behaviour of wave journal bearings 

The analysis of the dynamic behaviour of the journal bearings that support a rotor is of 
practical importance because under small loads the journal bearings can become unstable. In 
most of the practical cases, the sleeve is rigid and the rotor rotates freely inside the bearing 
clearance. When the motion becomes unstable the rotor can touch the sleeve, a phenomenon 
that can destroy the bearing. There are also other situations when the bearing sleeve is 
mobile while the shaft is rigid. In this case, when the fluid film becomes unstable, the sleeve 
can come into contact with the rotor, damaging the bearing. The dynamic behaviour of the 
wave journal bearing for both types of motions is analysed in the next sections. 

3.1 Analyse of the wave bearing dynamic behaviour when the sleeve is rigid and the 
rotor rotates freely inside the bearing clearance 

For this type of motion, the bearing sleeve is considered rigid and the rotor rotates freely 
inside the bearing clearance. Two different approaches can be used to analyze the dynamic 
stability of the wave journal bearing in this case: 

the identification of the bearing stability threshold based on the critical mass values 

(Lund, 1987); 

transient approach based on nonlinear theory (Kirk & Gunter, 1976; Vijayaraghavan & 

Brewe, 1992; Ene et al, 2008 b). 
The critical mass method is very popular because of its simplicity and limited computational 
time requirements. The main disadvantage of this method is that no bearing information can 
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be obtained after the appearance of the unstable whirl motion. The post-whirl motion can be 
simulated only with a transient method. The major inconvenience of the transient approach 
is that it requires large computational time. 

Transient analysis 

In absence of any external load, the equations of motion of the rotor centre can be written in 
a fixed system reference O s xy (Fig. 2) as: 



mx=F x +mp(D cosoot 
my=F +mpoa 2 sinG)t 



(4) 



where F x , F y are the components of the fluid film force, p - the shaft run-out, 2m- the rotor 
mass, go - the rotational velocity, and (x, y) - the coordinates of the shaft centre. 
The components of the fluid force F x and F y are obtained by integrating the pressure - p over 
the entire film: 



L2n 

=R}Jp 





COS0 

sin0 



d9dz 



(5) 



where R is the shaft radius, L is the bearing length, and and z are the angular and axial 
coordinates, respectively. At a particular moment of time, the pressure distribution is 
described by the transient Reynolds equation: 



J_d_ 

R 2 ae 



kn ae 



dz 



K dz 



\ 



=6ug) — +12uxcos0+12uysin0 



(6) 



where u is the oil viscosity, and ke and k z are correction coefficients for turbulent flow. The 
correction coefficients can be calculated by using Constantinescu' s model of turbulence 
(Constantinescu et. al, 1985; Frene & Constantinescu, 1975). According to this model, the 
correction coefficients are function of an effective Reynolds number: 



=12+0.0136Re° f ? 
=12+0.0044Re^ 



(7) 



The first signs of turbulence appear when the local mean Reynolds number Re m is greater 
than local critical Reynolds number Re cr . The flow becomes dominantly turbulent when the 
mean Reynolds number Re m is greater than 2Re cr . With these assumptions, the effective 
Reynolds number is: 



Re p 





V Re cr J 

Re! 



Re! 



Re m <Re cr 
Re cr £Re m £2Re c 
Re >2Re. r 



(8) 



where: 
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Re, =min 



/R" ' 
41.2, —,2000 
Vh 



Re, = P^l (9) 

H 

Re =2£i 

and q is the total flow. 

The numerical and experimental studies show that, due to the pumping effect of the wave 
profile, the oil flow for the wave bearings is greater than the flow for plain journal bearings. 
Moreover, the greater the amplitude ratio is, the greater the flow is. Consequently, it can be 
assumed that the total heat generated in the fluid film is removed exclusively through the 
fluid transport (convection). The heat removed from the fluid through conduction to the 
bearing walls can be neglected. Also, the conduction within the fluid itself is neglected. In 
order to minimize the computation time, a constant mean temperature is assumed to occur 
over entire film. With these assumptions, the increase of the lubricant temperature (the 
difference between the temperature of the lubricant entering the film and the constant mean 
temperature of the film) is given by: 

AT=^^ (10) 

P c v qiat 

where c v is the lubricant specific heat, qi at is the rate of lateral flow and Ff is the friction force. 
The bearing trajectory is obtained by integrating the non-linear differential equations of the 
motion, Eqs. (4). A fourth order Runge-Kutta algorithm is used to integrate the motion 
equations. At each time step, an initial pressure distribution corresponding to the motion 
parameters, mean film temperature, and correction coefficients for turbulent flow from the 
previous moment of time is first obtained by integrating the Reynolds equation, Eq. 6. The 
Reynolds equation is solved by using a central difference scheme combined with a Gauss - 
Seidel method. The Reynolds boundary conditions are assumed for the cavitation region. 
Next, an energy balance is performed and a new mean film temperature is obtained, Eq. 10. 
The lubricant properties (viscosity, density and specific heat) are then updated for the new 
mean film temperature. A new set of correction coefficients corresponding to the new 
pressure distribution is then calculated, Eqs. 8-9. The Reynolds equation is integrated again 
for the new values of the correction coefficients and lubricant viscosity. The iterative process 
is repeated until the relative errors for the correction coefficients are smaller than prescribed 
values. Furthermore, the fluid film forces are calculated by integrating the final pressure 
distribution over the entire film, Eqs. 5. Then the equations of motion, Eqs. 4, are integrated 
to determine the parameters of the motion for the next time step. The algorithm is repeated 
until the orbit of the journal centre is completed. 

The critical mass approach 

The bearing stability can be also analysed by evaluating the critical mass. The critical mass 
represents the upper limit for stability. If the rotor mass is smaller than the critical mass, the 
system is stable and the rotor centre returns to its equilibrium position. Particularly, in 
absence of any external load, the rotor centre rotates with a small radius around the bearing 
centre. The size of the radius depends on the shaft run-out. If the rotor mass is greater than 
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the critical mass then the rotor centre leaves its static equilibrium position and the system is 

unstable. 

The critical mass is function of the dynamic coefficients of the bearing: 



K c 



(11) 



where K s is the effective bearing stiffness: 

B v K T +B_K ~B_K_ -B K v 



K c 



yy yy xx xy yx yx xy 
B xx +B yy 



and y s is the instability whirl frequency: 



Ys = 



( K xx ~ K s ) ( K yy ~ K s )- K xy K yx 

R R -R R 

xx yy xy yx 



The dynamic coefficients can be obtained by integrating the pressure gradients: 
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2n P V COS0 P^COSB 

d9dz 
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p x cos0 p COS0 
p x sin0 p sin0 



P X COS0 PyCOS0 

p x sin0 p y sin0 



d0dz 



(12) 



(13) 



(14) 



The pressure gradient distributions are obtained by solving the following partial differential 
equations: 
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where the steady-state pressure po is given by the steady-state Reynolds equation: 
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The first problem that must be solved when using the critical mass approach is to determine 
the equilibrium position of the rotor centre. At the equilibrium, in absence of any external 
force, the static component of the fluid film force must be vertical and equal to the rotor 
weight. The equilibrium position is determined by integrating the steady-state Reynolds 
equation, Eq. 16, for different positions of the rotor centre until the resultant reaction load is 
vertical and equal to the external load. An iterative algorithm based on the bisection method 
was developed for this purpose. For each position of the shaft, the turbulence correction 
coefficients are determined by successive iterations using an algorithm similar to that used 
for the transient approach. The steady-state Reynolds equation, Eq. 16, is discretized with a 
finite difference scheme. The resultant system of equations is solved with a successive over- 
relaxation method. The Reynolds boundary conditions are assumed in the cavitation 
regions. The two ends of the bearing are considered at atmospheric pressure. In the oil 
supply pockets, the pressure is assumed to be equal to the supply pressure. 
Having the equilibrium position of the shaft and the turbulence correction coefficients 
corresponding to this position, the pressure gradients can now be determined by integrating 
Eqs. 15 with a finite difference scheme. The pressure gradients are assumed to be zero at the 
two ends of the bearing, in the pocket regions and in the cavitation regions. The dynamic 
coefficients are evaluated by integrating the pressure gradients distribution along the fluid 
film, Eqs. 14, and the critical mass is then determined with Eqs. 11-13. 

Numerical simulations 

The two methods are used to predict the dynamic behaviour of a three-wave bearing having 
a length of 27.5 mm, a radius of the mean circle of waves of 15 mm, and a clearance of 35 
microns. The rotor mass corresponding to one bearing is 0.825 kg. A 2 micron rotor run-out 
is considered for the numerical simulations. Synthetic turbine oil Mil-L-23699 is used as a 
lubricant. The bearing has also three supply pockets situated at 120° one from each other. 
The theoretical methods are validated by comparing the numerical results obtained with the 
two methods one to each other and also to experimental data (Dimofte et al., 2004). 
The numerical simulations and the experiments show that for wave amplitudes greater than 
0.3, the fluid film of the analyzed wave bearing is stable even at speeds of 60000 rpm, 
supply pressures of 0.152 MPa, and oil inlet temperatures of 190° C. For example the rotor 
centre trajectory predicted with the transient method for a wave amplitude ratio of 0.305 
and a speed of 60000 rpm is presented in Fig. 3. The rotor centre rotates on a closed orbit 
with a radius almost equal to the run-out. The FFT analysis of the motion is presented in Fig. 
4. For comparison, the FFT analysis of the experimental signal is shown in Fig. 5. It can be 
seen that both FFT diagrams contains only the synchronous frequency. The presence of only 
the synchronous frequency indicates a stable fluid film. The same conclusion can be drawn 
from the critical mass approach. The variation of the critical mass with the speed is shown in 
Fig. 6. Because the critical mass is greater than the rotor mass, it can be concluded that the 
fluid film is stable for speeds up to 60000 rpm. 

For wave amplitudes smaller than 0.3, a stability threshold can be found. The experiments 
and the numerical simulations show that the threshold of stability depends on the wave 
amplitude, oil supply pressure and inlet temperature. For instance, for a wave amplitude of 
0.075, a supply pressure of 0.276 MPa, and an oil temperature inlet of 126° C, the threshold 
of stability is around 39000 rpm. The variation of the critical mass with the rotational speed 
is presented in Fig. 7. The diagram shows that the critical mass is greater than the mass of 
the shaft related to one bearing for speeds smaller than 39000 rpm. The critical mass is very 
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close to the rotor mass around 39000 rpm and then it becomes smaller than the rotor mass. 
Consequently, it may be concluded that the fluid film of the wave bearing is unstable for 
rotational speeds greater than 39000 rpm. 
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Fig. 3. Trajectory of the rotor centre for a wave amplitude of 0.305, a rotational speed of 
60000 rpm, and a supply pressure of 0.152 MPa 



Synchronous frequency 



Fig. 4. FFT diagram of the motion for a wave amplitude of 0.305, a rotational speed of 60000 
rpm, and a supply pressure of 0.152 MPa 
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Fig. 5. FFT diagram of the experimental signal for a wave amplitude of 0.305, a rotational 
speed of 60000 rpm, and a supply pressure of 0.152 MPa 
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Fig. 6. Critical mass as function of the rotational speed for a wave amplitude of 0.305 and a 
supply pressure of 0.152 MPa 
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Fig. 7. Critical mass as function of running speed for a wave amplitude of 0.075 and a 
supply pressure of 0.276 MPa 

The trajectories of the journal centre are very different for stable and unstable conditions. 
For example, the trajectory of the journal centre for a rotational speed of 36000 rpm, which 
corresponds to a stable condition, is presented in Fig. 8. In this case, the journal centre 
rotates with one frequency around the sleeve centre on a closed orbit having the radius 
almost equal to the rotor run-out. The FFT analyses of the numerically simulated motion 
(Fig. 9) and of the motion recorded from experiments (Fig. 10) reveal that the motion 
frequency is equal to the synchronous frequency. 




Fig. 8. Trajectory of the rotor centre for a wave amplitude of 0.075, a rotational speed of 
36000 rpm and a supply pressure of 0.276 MPa 
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Fig. 9. FFT diagram of the motion for a wave amplitude of 0.075, a rotational speed of 36000 
rpm and a supply pressure of 0.276 MPa 
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Fig. 10. FFT diagram of the experimental signal for a wave amplitude of 0.075, a rotational 
speed of 36000 rpm and a supply pressure of 0.276 MPa 

If the rotational speed is increased to the stability threshold (39000 rpm), an incipient sub- 
synchronous frequency can be detected (Figs. 11 and 12). The journal centre rotates in this 
case on a limit cycle with two frequencies - the synchronous and the sub-synchronous 
frequency (Fig. 13). 
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Fig. 11. FFT diagram of the motion for a wave amplitude of 0.075, a rotational speed of 39000 
rpm and a supply pressure of 0.276 MPa 
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Fig. 12. FFT diagram of the experimental signal for a wave amplitude of 0.075, a rotational 
speed of 39000 rpm and a supply pressure of 0.276 MPa 
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Fig. 13. Trajectory of the rotor centre for a wave amplitude of 0.075, a rotational speed of 
39000 rpm and a supply pressure of 0.276 MPa 

For speeds greater than 39000 rpm, the sub-synchronous frequency becomes dominant. As 
an exemplification, the FFT diagrams of the numerically simulated motion and of the 
experimental signal for a rotating speed of 44000 rpm are shown in Figs. 14 and 15. The 
trajectory of the rotor centre is presented in Fig. 16. The journal centre rotates on a limit cycle 
with a radius greater than the rotor run-out. However, due to the particular geometry of the 
wave bearing, the rotor centre maintains its trajectory inside the bearing clearance. 
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Fig. 14. FFT diagram of the motion for a wave amplitude of 0.075, a rotational speed of 44000 
rpm and a supply pressure of 0.276 MPa 
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Fig. 15. FFT analysis of the experimental signal for a wave amplitude of 0.075, a rotational 
speed of 44000 rpm and a supply pressure of 0.276 MPa 




180 



Fig. 16. Trajectory of the rotor centre for a wave amplitude of 0.075, a rotational speed of 
44000 rpm and a supply pressure of 0.276 MPa 

An increase of the supply pressure to 0.414 MPa makes the fluid film stable for speeds up to 
60000 rpm. The critical mass becomes greater than the rotor mass (Fig. 17), the sub- 
synchronous frequency disappears and the rotor centre rotates with the synchronous 
frequency on a closed orbit with the radius almost equal to the rotor run-out. As an 
illustration, the FFT diagrams of the experimental signal, theoretical motion and the 
trajectory of the rotor centre for a rotating speed of 60000 rpm are shown in Figs. 18, 19 and 
20, respectively. 
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Fig. 17. Critical mass as function of running speed for a wave amplitude of 0.075 and a 
supply pressure of 0.414 MPa 
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It can be noticed from the above simulations that both the wave amplitude and the oil 
supply pressure strongly influence the bearing stability. The bearing stability also depends 
on the oil inlet temperature (Lambrulescu et al., 2003). 
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Fig. 18. FFT analysis of the experimental signal for a wave amplitude of 0.075, a rotational 
speed of 60000 rpm and a supply pressure of 0.414 MPa 
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Fig. 19. FFT a diagram of the motion for a wave amplitude of 0.075, a rotational speed of 
60000 rpm and a supply pressure of 0.414 MPa 
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Fig. 20. Trajectory of the rotor centre for a wave amplitude of 0.075, a rotational speed of 
60000 rpm and a supply pressure of 0.414 MPa 
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3.2 Analyse of the wave bearing dynamic behaviour when the bearing sleeve is 
mobile 

For this type of motion, the bearing sleeve is mobile and the rotor rotates around a fixed axis 
with an angular velocity go. The rotor has an inherent unbalance characterized by a small 
run-out p. The bearing sleeve is connected with the machine housing by an elastic element 
(Fig. 21) having the stiffness and damping coefficients in x and y directions k x , k y and b x , b y , 
respectively. The geometry of the motion can be seen in Fig. 22. Two systems of reference 
are used to study the motion: a fixed system Ox'y' with the origin O situated on the fixed 
axis around which the rotor rotates, and a mobile system of reference O s xy with the origin 
O s in the sleeve centre (Fig. 22). 






Fig. 21. Wave bearing with the sleeve supported by an elastic element 

Because of its run-out p, the trajectory of the rotor centre in the Ox'y' system of reference is a 
circle with radius p. Therefore the coordinates of the rotor centre in the Ox'y' system are: 



x R =x R0 +pcos(Dt 

y R = yR0 + P coswt 

where xro and yRo are the coordinates of the rotor centre at the initial moment of time. 
In the fixed system of reference Ox'y', the equations of motion for the sleeve centre are: 

m'x s =-F x -k x x s -b x x s 

m 'y s = - F y- k yys- b y ys 



(17) 



(18) 



where Fx, F y are the components of the fluid film force, x s , y s - the coordinates of the sleeve 
centre, and m' - the mass of the sleeve. The fluid film forces are calculated by integrating the 
pressure distribution over the entire fluid film. The pressure distribution can be obtained by 
solving the Reynolds equation which in the mobile system of reference O s xy has the 
following form: 
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dz 



lV_d£ 

v k z az 



= 6pcD— +12p(x r -x s )cos9+12p(y r -y s )sine 



where the fluid film thickness is given by: 

h=c+(x r -x s )cos6+(y r -y s )sin9+e w cos[n w (6+y)] 



(19) 



(20) 
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Fig. 22. The geometry of the motion when the bearing sleeve is free to rotate 

A numerical algorithm similar to that presented for the previous type of motion was 
developed to obtain the absolute motion of the sleeve centre and the motion of the sleeve 
centre relative to the rotor centre. Because the relative motion between the sleeve and the 
rotor is of practical importance, the numerical simulations will be focused only on this 
motion. 

Numerical simulations 

The above model is used to study the influence of the wave amplitude on the dynamic 
behaviour of the sleeve of a three - wave bearing having the same geometrical characteristics 
as the bearing analysed in the previous section (length - 27.5 mm, radius of the mean circle of 
the waves - 15 mm, clearance - 35 microns, rotor run-out - 2 microns). The mass of the sleeve is 
0.5 kg. One of the axial ends of the bearing is exposed at a pressure of 0.14 MPa. At the other 
axial end the pressure is 0.5 MPa. The stiffness and damping coefficients of the sleeve elastic 
support are 10000 N/m and 10 Ns/m, respectively. To have a better understanding of the 
influence of the wave profile on the dynamic behaviour of the wave bearing sleeve, a plain 
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Fig. 23. The trajectory of the sleeve centre of a plain journal bearing with respect to the rotor 
centre 
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journal bearing having the same characteristics as the analysed wave bearing was initially 
considered. The motion of the sleeve centre of the plain journal bearing with respect to the 
rotor centre for a rotational speed of 60000 rpm is presented in Fig. 23. The sleeve centre 
rotates around the rotor centre on a large orbit with a radius very close to the bearing 
clearance. Therefore the sleeve can come into contact with the rotor and the bearing can be 
destroyed. The FFT analysis of the motion (Fig. 24) indicates the presence of both the half- 
whirl frequency and the synchronous frequency, the half -whirl frequency being dominant. 
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Fig. 24. The FFT diagram of the motion of the plain journal bearing sleeve 

For a wave bearing with a wave amplitude ratio of 0.1, the half-whirl frequency is also 
dominant (Fig. 25) at 60000 rpm. However, the radius of the sleeve centre orbit is much 
smaller than the bearing clearance (Fig. 26) and the bearing can run safely. It must be also 
remarked that the trajectory of the sleeve centre with respect to the rotor centre has a shape 
very similar to shape of the wave bearing profile. 
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Fig. 25. The FFT diagram of the sleeve centre motion for a wave amplitude ratio of 0.1 
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Fig. 26. The trajectory of the sleeve centre with respect to the rotor centre for a wave 
amplitude ratio of 0.1 
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Fig. 27. The FFT diagram of the sleeve centre motion for a wave amplitude ratio of 0.2 

For a wave amplitude ratio of 0.2, the motion still contains both the sub-synchronous and 

synchronous frequencies. In this case, the synchronous frequency is the main frequency (Fig. 

27). The sleeve centre approaches the rotor centre and rotates around it with two frequencies 

on a small orbit (Fig. 28). 

The sub-synchronous frequency completely disappears when the wave amplitude ratio is 

increased to 0.3 (Fig. 29). The sleeve centre rotates around the rotor centre on a closed orbit 

with a radius closed to the rotor run-out (Fig. 30). 

Therefore it can be concluded that the waves have a stabilising effect on the bearing. Even 

when the fluid film of the wave bearing is unstable, the sleeve centre maintains its trajectory 

inside the bearing clearance. 
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Fig. 28. The trajectory of the sleeve centre with respect to the rotor centre for a wave 
amplitude ratio of 0.2 
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Fig. 29. The FFT diagram of the sleeve centre motion for a wave amplitude ratio of 0.3 
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Fig. 30. The trajectory of the sleeve centre with respect to the rotor centre for a wave 
amplitude ratio of 0.3 
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4. The thrust wave bearing concept 

A typical thrust fluid film bearing used to support an axial load is shown in Fig. 31. As can 
be seen in Fig. 31, a thrust fluid film bearing consists of a rotating disk (runner) fixed on the 
shaft and a stationary thrust plate which faces the rotating disk. The gap between the two 
disks is filled with lubricant. If the active surfaces of both of the disks are flat, no 
hydrodynamic pressure will be generated in the fluid film and the bearing will not be able 
to support an axial load. Rayleigh steps or spiral grooves engraved on the active surface of 
one of the disks can be used, for example, to create hydrodynamic pressure. 

Stationary Thrust Plate 
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Axial Load 
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Thrust Plate Support - 



D=2r n 
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Fig. 31. Typical thrust fluid film bearing 

An alternative novel solution is to make a wave profile on the active surface of the 
stationary disk. As an example, a four-wave thrust plate is shown in Fig. 32. The most 
important characteristics of a thrust wave bearing are also presented in Fig. 32. The bearing 
inner radius is n and the outer radius is r . The wave amplitude e w is measured from the 
middle plane of the waves. The lubricant is supplied to the bearing through holes and 
closed pockets. The pockets are orientated in radial direction. 

If the thrust bearing is used for positioning the shaft in the axial direction then two thrust 
plates located on both sides of the runner disk can be used. In this case, the thrust bearing 
can be lubricated with the oil that comes out from the nearby journal bearing, and the 
supply system can be eliminated. 
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Fig. 32. Wave bearing thrust plate 
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The hydrodynamic pressure generated in the fluid film can be obtained by solving the 
Reynolds equation in cylindrical coordinates: 

d ^ ^ +r Af h 3 r ^PV 6uG)r 2^ pi) 



eo{ do) dr{ drj r ae 

where p is the pressure, h - the film thickness, \i - the oil viscosity, oo - the angular velocity, 9 
- the angular coordinate, and r- the radial coordinate (see Fig. 33). 




Fig. 33. System of coordinates for the wave thrust bearing 

The load W can be then obtained by numerically integrating the pressure over the entire 
bearing area: 

W=n(rp)drde (22) 

o ii 

The increase of the oil temperature when the oil passes through the bearing can be 
calculated with a method similar to that used for journal bearing. 

The influence of the parameters of the wave thrust bearing on its steady-state performance 
is analysed below. A thrust wave bearing having an inner diameter of 50 mm, an outer 
diameter of 100 mm, and a wave amplitude of 50 microns was considered. The bearing is 
supplied with synthetic turbine oil MIL-L-23699 at 65° C. It is well known that at high 
temperatures, the "oil viscosity collapse phenomenon" can occur. The direct consequence of 
the oil viscosity collapse is the dramatic lost of the bearing load capacity. For this reason, a 
maximum limit of 30° C is imposed for the oil temperature increase inside the fluid film. 
The numerical simulations show that in order to avoid oil temperature increases greater 
than 30° C, the analysed thrust wave bearing must have the minimum film thickness greater 
than 50 microns. 

The influence of the number of the waves on the average pressure (the ratio between the 
load and the bearing surface) and oil temperature increase is first analysed. For example, the 
evolutions of the average pressure and of the oil temperature increase with the rotational 
speed for a supply pressure of 0.5 MPa, a minimum film thickness of 50 microns and 
different number of waves are presented in Figs. 34 and 35, respectively. 
It can be seen from Fig. 34 that the average pressure has a linear variation with the rotational 
speed. In addition, the number of the waves has only a small influence on the average 
pressure (Fig. 34). Nevertheless, the number of the waves can significantly influence the 
temperature of the oil passing through the bearing. When the number of the waves 
increases, the number of oil supply holes and pockets increases. An increased number of 
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Fig. 34. Average pressure vs. speed for different number of waves (oil supply pressure - 
0.5MPa, minimum film thickness - 50 microns ) 
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Fig. 35. The increase of the lubricant temperature vs. speed (oil supply pressure - 0.5MPa, 
minimum film thickness - 50 microns) 

supply holes and pockets allows for a better cooling of the bearing. Consequently, the oil 

temperature increase is smaller for a greater number of waves (Fig. 35). However a 

significant change of the temperature with the number of the waves can be observed only 

when the number of waves is increased from three to four. 

Next, the influence of the oil supply pressure on the bearing performance was analysed. For 

example, the evolutions with the rotational speed of the average pressure and oil 

temperature increase for different supply pressures, a minimum film thickness of 50 

microns and a number of five waves are presented in Figs. 36 and 37, respectively. 

Fig. 36 shows that the oil supply pressure has only a small influence on the bearing average 

pressure. The influence of the oil supply pressure on the increase of the oil temperature 

inside the fluid film can be significant (Fig. 37). From Fig. 37, it can be seen that the oil 

temperature increase is smaller for higher supply pressures. 

Therefore from the numerical simulations it can be concluded that the increase of the oil 

temperature inside the fluid film can be reduced by increasing the number of the waves or 

the oil supply pressure. A more significant reduction of the increase of oil temperature 
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Fig. 36. Average pressure vs. speed for different supply pressures (five waves, minimum 
film thickness - 50 microns) 
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Fig. 37. The increase of the lubricant temperature vs. speed (five waves, minimum film 
thickness - 50 microns) 
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Fig. 38. Oil temperature increase vs. speed for different number of waves and supply 
pressures (minimum film thickness -50 microns) 
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through the bearing can be obtained if the two effects are used together, as can be seen in 
Fig. 38. Fig. 38 shows that the increase of the oil temperature can be with up to 33% smaller 
for the bearing with five waves supplied with oil at 0.6 MPa than for the bearing with three 
waves supplied with oil at 0.4 MPa. 

5. Concluding remarks 

A wave bearing can be a good alternative to any other type of fluid film bearing. 
Journal wave bearings offer increased dynamic and thermal stability compared to other 
types of journal fluid film bearings. Their actual load capacity could be even higher than the 
load capacity of the plain journal bearings due to the pumping effect of the wave profile that 
allows for a better cooling of the wave bearing. Besides the bearing clearance, the wave 
amplitude and the running parameters such as oil inlet pressure and temperature can be 
used to adjust the bearing performance to the needs of a specific application. The wave 
bearings are also simple and easy to manufacture. The wave journal bearing steady-state 
and dynamic performance can be precisely predicted with computer codes validated by 
experiments on dedicated test rigs. 

Thrust wave bearings can be successfully used to carry axial loads or to axially position the 
shaft. Thrust wave bearings are also very simple compared to any other fluid film thrust 
bearings. They can have an individual oil supply system or can be lubricated with the oil 
that leaks laterally from a nearby journal bearing. Their performance can be also precisely 
predicted. The number of the waves, the wave amplitude, the minimum film thickness, the 
oil supply pressure and temperature can be used to maximize the bearing performance for a 
particular application. 
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1. Introduction 

In this chapter is described an experimental study conducted in order to identify the supply 
hole discharge coefficients of externally pressurized gas bearings. Tests were carried out 
over specific hole, feed pocket and air gap size ranges on pneumatic pads with two types of 
air feeding systems: annular orifices (inherent orifices) and simple orifices with feed pocket. 
Air consumption and pressure distributions were measured as a function of supply pressure 
and air gap height. Discharge coefficients were approximated by an experimental formula 
based on the Reynolds number and the feeding system geometry. The validity of the 
formulation found in the study was verified by comparing the numerically calculated 
pressure distribution with the experimental distribution measured on different pad types. 
The numerical pressure distribution was calculated using equations for air flow through the 
supply holes and the Reynolds equations for the air gap. 

2. Study of externally pressurized gas bearings 

There is a high demand for air bearings in all applications where support with almost no 
friction between parts in relative motion is essential. Unlike oil, air is universally available at 
no cost, and requires no auxiliary recirculation circuits. In addition, air bearings offer a 
number of advantages: high precision, speed and positioning repeatability, absence of wear, 
negligible power losses, high reliability and durability, lower operating costs and zero 
environmental impact. 

As they use clean, filtered air and thus avoid the ecological problems caused by oils and 
greases, air bearings are often employed in the food processing and textile industries as well as 
in medical equipment. They are also found in small machine tools and measuring robots, in 
the microturbines used for distributed electricity generation, and in the gyroscopes employed 
in inertial navigation systems. Air bearings can withstand high temperatures and radiation, 
and can thus be installed in nuclear reactors with no need for maintenance over a number of 
years. Another emerging application is that of high-speed compressors for fuel cell systems. 
For a number of years, theoretical and experimental investigations have addressed the static 
and dynamic behavior of air bearings. Several basic studies have indicated that simulating 



360 New Tribological Ways 

bearing behavior calls for an understanding of the flow rate and pressure distribution in the 
air gap: Gross, 1962; Grassam & Powell, 1964; Mori & Miyamatsu, 1969; Poupard & Drouin, 
1973; Majumdar, 1980; Kazimierski & Trojnarski, 1980; Belforte et al. ,1999. 
Externally pressurized gas bearings can feature different types of supply systems: with 
calibrated orifices, with orifices and feed pockets, or, in other cases, with porous resistances. 
In all cases, the behavior of the air flow in the bearing and hence its performance is heavily 
dependent on supply system type. 

Al-Bender &Van Brussel, 1992-a, presents an overview of the basic studies that have been 
performed and the solution methods that have been used, with particular reference to 
feeding systems employing annular orifices (also called inherent orifices). In Blondeel et al., 
1980, an externally pressurized gas thrust bearing is studied analyzing separately the 
influence of the clearance and restrictor on stability. For this type of feeding system, Al- 
Bender & Brussel, 1992-b, investigate tilt motion and calculate tilt stiffness and damping 
coefficients. Huges et al.,1996, present a gas thrust bearing facility to measure pressure and 
temperature distributions. Fourka et al., 1996, investigate thrust bearing stability analytically 
and experimentally. 

Belforte, et al., 2006, perform theoretical and experimental studies of air journal bearings 
with annular orifice feeding systems for high-speed spindles, while Bang & Lee, 2002, 
investigate the thrust bearing design for a high-speed composite air spindle. For pocket-type 
feeding systems Li & Ding, 2007, study the performance of an aerostatic thrust bearing with 
pocketed orifice-type restrictor while Stout et al., 1993 analyze the behavior of flat pad 
bearings with pocketed orifice restrictors. 

For feeding systems with grooves Nakamura & Yoshimoto, 1996; Yoshimoto et al., 1999, 
prove the benefits of introducing micro-grooves in terms of load capacity and tilt stiffness 
and investigate the influence of groove position and groove depth on stability. 
Grooved gas thrust bearings are simulated with different methods: Chen & Lin, 2002; Chen et 
al., 2002; Chen et al., 2010, solve the Reynolds equation with the resistance network method; 
Bonneau et al., 1993, use finite elements for the analysis. Hashimoto & Namba, 2009, present 
studies of the optimization of spiral groove geometries for dynamic thrust bearings. 
Several studies have also addressed air bearings employing porous resistances and their 
supply systems, e.g., Yoshimoto & Kohno, 2001; Plante et al., 2005; Ng, et al., 2005; Belforte 
et al, 2007-b; Belforte et al, 2009. 

As all studies of bearings and the different types of supply system indicate, choosing the 
correct identification parameters has a clear influence on the results of the mathematical 
model describing the system. 

For the orifice and feed pocket supply systems considered in this chapter, flow behavior is 
quite complicated, especially in the immediate vicinity of the air inlet orifices. Figure 1 shows 
the two most common solutions: annular orifice (la) and simple orifice with feed pocket (lb). 
These systems are generally simulated using lumped parameter models, though this 
approach has certain limitations. 

Each supply hole is considered as an ideal nozzle, through which the mass flow rate G is 
given by: 

G = C d -G th (1) 

where G t h is the theoretical mass flow rate which considers an isentropic expansion of the 
flow through the nozzle, and Q is an appropriate discharge coefficient. The major difficulty 
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Fig. 1. Example of supply systems: a) Annular orifice; b) Simple orifice with feed pocket 

in this approach lies in evaluating this coefficient, given the significant influence of the 
system's geometrical parameters (hole and pocket dimension, air gap height) and of the 
flow parameters (supply pressure, Reynolds number). In certain cases, this approach is 
simplified by selecting single numbers, which normally vary from 0.6 to 0.8, for this 
coefficient: Lund, 1964; Bryant et al., 1986; Goodwin, 1989. In other cases, analytical 
formulas are used: Mori & Miyamatsu 1969; Elrod & Glanfield, 1971; Kazimierski & 
Trojnarski, 1980. With both methods, however, the validity of the result is limited to a 
narrow parametric range. 

Alternatively, the discharge coefficient can be evaluated experimentally through flow rate 
and pressure measurements on the actual system Kassab et al., 1997, for example, present an 
experimental investigation of the effects of varying supply hole dimensions and supply 
pressure on the performance of aerostatic bearings, where the consumption and pressure 
distributions thus obtained can be used to study discharge coefficients. On the basis of this 
idea, Belforte et al., 2007, present an experimental study of annular orifice and simple orifice 
air bearing feeding systems which was carried out in order to identify the discharge 
coefficient as a function of the above parameters using analytical formulations. For this type 
of approach, both the dimensions and configuration of the air supply channels must first be 
analyzed under the microscope because of the significant influence that feeding system 
geometry has on the discharge coefficient. The results obtained with this method have been 
applied in numerical simulation programs for radial and axial bearings used in high-speed 
spindles: Belforte, et al, 2008. In Belforte et al, 2010-a and 2010-b, the effects of a groove on 
thrust bearing performance are investigated. 

Commercial CFD programs have also been used recently as another method of evaluating 
discharge coefficients: Renn & Hsiao, 2004. Yoshimoto et al., 2007, present a study of the 
pressure distribution in circular aerostatic bearings with a single central hole. Using Navier- 
Stokes equations, experimental and analytic results are compared with CFD tools. In Neves 
et al., 2010, numerical methods are used to investigate the influence of the discharge 
coefficient on aerostatic journal bearing performance. In general, the limitation of this type 
of approach lies in precisely defining the supply system geometry, which must be 
accomplished on the basis of previous experimental work, as shape defects and 
imperfections resulting from machining will obviously vary, albeit only slightly, from hole 
to hole in the actual system. Belforte et al., 2006, demonstrate how small geometrical 
differences (chamfers, fillets) resulting from the drilling process have a major influence on 
pressure distribution adjacent to the holes, on thus on the discharge coefficient. 
This chapter presents a detailed discussion of the experimental method followed in Belforte, 
et al., 2007, and the results obtained. Flow rate and pressure distribution in the air gap were 
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measured on a number of flat pad bearings for various supply hole and pocket dimensions 
and bearing supply pressures. The results made it possible to define two formulations for 
the discharge coefficient where the air flow is considered as passing both through the 
circular section of the hole and through the annular section between the hole and the air 
gap. Finite difference models using these formulations were developed specifically for the 
cases examined. Comparisons are then presented between the pressure distributions 
obtained experimentally and numerically, both for the pads used for identification and for 
other similar pads tested previously: Belforte et al., 2010-c. Experimental tests were then 
carried out to determine that these formulas can also be applied under certain geometrical 
conditions to feeding systems with grooves. 

3. Test bench and pads under test 

3.1 Test bench and instrumentation 

The different types of feeding system were tested using bearings with flat thrust surfaces 
(aerostatic pads), though the results can be extended to cylindrical bearings. For this 
purpose, a test bench was constructed to measure load capacity, consumption and pressure 
distribution as a function of air gap height h and supply pressure on the pads under test. A 
cross sectional view of the bench is shown in Figure 2. The bench frame consists of a base 
(2), three columns (2) and a crossmember (3). 

The air gap h is established between the pad under test (4) and the stationary bearing 
member (5). Vertical pad movement is controlled by handwheel (6), screw (7) and pushrod 
(8). Plate (9), which is connected directly to the pad, provides a support surface for three 
micrometric probes (20) used to measure the height of the air gap and equally spaced 
around the circumference. The plate is connected to the pushrod by means of ball (22), 
which ensures that the bearing axis is vertically aligned with the applied force and that air 
gap height is constant under the entire pad. It is also possible to vary air gap height by 
angling the pad slightly by means of two screws (22) located above the plate. Thrust on the 
pad is measured by a load cell (23). Dowel (24) prevents the load cell from rotating. 
The stationary member face is provided with two 0.2 mm diameter holes connected to the 
associated stationary member outlet ports, which are connected to pressure transducers. The 





Fig. 2. Test bench schematics 



Fig. 3. Photo of test bench 
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Fig. 4. Bench with measurement instrumentation and compressed air supply circuit 

stationary member can be moved radially with respect to the pad under test by means of a 
guide (25) secured to platform (26). In this way, pressure distribution along the air gap can 
be determined. In order to perform measurements in different radial directions, the platform 
can be rotated around the pad axis. A photograph of the test bench is shown in Figure 3. 
Figure 4 shows the measurement instrumentation connected to the test bench and the 
compressed air supply circuit. 



3.2 Pads under test 

The discharge coefficient was identified using three types of circular pad designated as 
types "0", V and "c" as shown in Figure 5. All have an outside diameter of 40 mm and a 
height of 22 mm. 
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Fig. 5. Schematic view and photo of pad types "a", V. 

Type "a" pads were constructed for the annular orifice supply system and types V and V 
were constructed for the simple orifice with cylindrical feed pocket. For type "a", seven 
cylindrical anodized aluminum pads with a single central hole were used. For types "b" and 
"c", two cylindrical stainless steel pads were constructed, one with a single central hole (type 
V) and one with six holes equally spaced around the circular space (type "c"). For each pad 
type, Table 1 shows nominal supply system dimension for systems with and without feed 
pocket. The supply passage diameter and conical angle are represented by D and a. Hole 
diameter and length are designated as d and I respectively, while for type V and V pads, 
pocket diameter and depth are designated respectively as £ and do . 

On pads "fr" and V, the orifices were machined in interchangeable cylindrical inserts on the 
pads. For type V, aluminum inserts were screwed into the center of the pad; different sizes 
of supply hole can be tested while the pocket depth is always equal to 1 mm. For type "c", 
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0.2 


- 


- 


2 


a 


118 


3 


0.9 


0.2 


- 


- 


3 


a 


118 


3 


0.3 


0.3 


- 


- 


4 


a 


118 


3 


0.9 


0.3 


- 


- 


5 


a 


118 


3 


0.3 


0.4 


- 


- 


6 


a 


118 


3 


0.6 


0.4 


- 


- 


7 


a 


118 


3 


0.9 


0.4 


- 


- 


8 


b 


118 


3 


0.3 


0.2 


2 


1000 


9 


b 


118 


3 


0.3 


0.3 


2 


1000 


10 


b 


118 


3 


0.3 


0.4 


2 


1000 


11 


c 


118 


2 


0.3 


0.2 


4 


0, 10, 20 


12 


c 


118 


2 


0.3 
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Table 1. Nominal supply system dimensions for the three pad types 
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the inserts consist of brass, and pocket depth can be changed by bonding the insert at 

different heights. 

On all pads, the holes were produced using a twist drill and thus feature a chamfer, with a 

fillet radius of about 5% of average diameter. Maximum deviation of average hole diameter 

is around 10% of the nominal dimension. By way of example, Figure 7 shows an 

enlargement of the hole on pad "a", type number "4". 

Aluminum and stainless steel pad thrust surfaces have an average roughness of 0.3 |um and 

0.1 |um respectively, and a flatness error of less than 1 urn. The stationary bearing member 

face is steel and has an average surface roughness of 0.1 |um with a flatness error of less than 

1 |um. 

4. Results and analysis 

For all pad types, flow rate and pressure distribution measurements were performed with 
different air gap heights, maintaining the thrust surface parallel to that of the stationary 
bearing member. For each air gap height, measurements were carried out for different 
relative pad supply pressures: ps= 0.3, 0.4, 0.5, 0.6 and 0.7 MPa. Ambient pressures and pad 
supply air temperatures were recorded for all tests. 

Pad characteristics are heavily influenced by supply pressure and air gap. To ensure that 
results are repeatable, a suitable procedure was specified for establishing air gap height. The 
pad was supplied with compressed air and is initially pushed against the stationary bearing 
member by means of the handwheel with a force sufficient to guarantee contact without 
producing distortion. In this condition, the flowmeter's sensitivity was such that no flow 
rate is detected and the displacement transducers are set to zero. 
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Fig. 6. Enlargement of hole type 
number "4", pad "a" 



Fig. 7. Radial pressure distribution across pad 
number "1", type "a", supply pressure ps = 0.5 
MPa, orifice diameter d = 0.2 mm, air gap height 
h = 9 and 14 |um 

The handwheel was then turned to decrease the thrust on the pad, and the pressure under 
the pad, the load capacity and the air flow rate are measured for the set air gap heights. At 
each height setting, value h was determined as the average of the three transducer readings. 
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Once the air gap height was established, the supply pressure was corrected using a pressure 
reducer and a precision gauge in order to keep it constant. 

For type "a" and V pads, radial pressure distribution measurements were carried out, while 
for type " c" pads, both radial and circumferential pressure measurements were performed 
at one selected hole. For pads "a" and "fr", radial distance r was measured from an origin 
point located at the pad center, whereas for pads "c", the origin point for radial (r) and 
circumferential (c) distances is located at the center of the hole, and pressure distribution 
was measured relative thereto. Figures 8 through 14 show examples of the relative pressure 
distribution with different pads. All geometric parameters and supply pressures are shown 
in the figures and detailed in the captions. As the measurement hole in the stationary 
bearing member is equal to 0.2 mm, the measured pressure profile does not follow the feed 
pocket's geometric profile exactly, but is offset by 0.1 mm from the center. 
For the annular orifice supply system (type "a" pads), behavior can be described by the 
results shown in Figures 7 and 8. Figure 7 shows the radial pressure distribution obtained 
with pad "a", type number "1", for air gap heights h of 9 and 14 |um. Figure 8 shows a detail 
of this pressure distribution. 
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Fig. 8. Detail of Figure 7 



Fig. 9. Radial pressure distribution across 
the entire pad number "8", type "b", supply 
pressure ps = 0.5 MPa. 

Maximum pressure pi occurs immediately below the hole. As the distance from the center of 
the hole increases, pressure drops and, when the air reaches the inlet to the gap, the flow 
passage area is drastically reduced, thus causing an inertia phenomenon known as pressure 
depression (Mori & Miyamatsu, 1969; Yoshimoto et al., 2007) which consists of an initial 
pressure drop down to a minimum local value p% followed by a partial increase to a local 
maximum ps. Inside the air gap, viscous friction forces become increasingly predominant as 
flow moves farther from the inlet hole, finally transforming it into laminar flow. With n as 
the radius at which the distributed viscous resistance zone is completely developed and pi as 
the corresponding pressure for these types of supply systems, we have pi = p$. For all cases 
considered experimentally for type "a" pads, the local maximum values of p$ are positioned 
around radius r% ranging from 0.45 to 0.8 mm, which depends on the orifice diameter d and 
gap height h. Results showed that radius n can be approximated by the following equation: 
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r ■= - + 40 h 
1 2 



(2) 



For simple orifices with feed pocket (type V and V pads), behavior can be described by the 
results shown in Figures 9 through 13. 

For pads with very deep pockets (type "b", 8 = 1 mm), a good example of radial pressure 
distribution is shown in Figure 9 for pad "8". Supply pressure ps is to 0.5 MPa, and the 
curves refer to air gap heights h of 9, 11 and 14 urn. A detail of the pressure distribution in 
the area adjacent to the supply orifice is shown in Figure 10. 
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Fig. 10. Detail of Figure 9 



Fig. 11. Radial pressure distribution across 
pad number "11", type "c", supply pressure 
ps = 0.4 MPa. 

Maximum pressure pi occurs immediately below the air inlet hole. As the distance from the 
hole inside the pocket increases, the pressure first drops, then rises rapidly. With further 
increases in distance, the pressure gradually reaches a value which remains practically 
constant almost to the air gap inlet section. Pressure pj in the pocket is measured at the point 
where pressure distribution has zero slope. Pressure starts to rise slightly near the air gap 
inlet section, an effect which becomes more pronounced as air gap height is increased. At 
the inlet, pressure drops sharply as a result of the abrupt reduction in the passage section, 
reaching a value p\ measured at pocket diameter do. The pressure then drops again, in this 
case evenly, as viscous friction forces become predominant. 

For shallow pockets (S = 10 urn and 20 um, pad type "c"), the behavior of the pressure 
distribution is similar to that of deep pockets. Figure 11 and 12 show examples of pressure 
distributions in the area adjacent to one of the six orifices of the pad type "11". In particular, 
Figure 11 shows the radial pressure distributions measured with supply pressure ps equal to 
0.4 MPa, pocket depth 5 equal to 20 |um and air gap heights h equal to 11 |um; Figure 12 
shows the circumferential pressure distribution with supply pressure ps equal to 0.5 MPa, 
pocket depth 8 equal to 10 and 20 |um and air gap heights h equal to 11 and 16 or 17 |um. For 
type "c" pads, it is difficult to position the pressure measurement hole exactly below one of 
the pad supply orifices. As a result, maximum pressure pi was not measured in certain tests, 
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including that shown by way of example in Figure 11. However, pressure pj inside the 
pocket was measured, as it is useful for identification purposes. 
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Fig. 12. Circumferential pressure distribution 
across pad number "11", type "c", supply 
pressure ps = 0.5 MPa, orifice diameter 
d = 0.2 mm, pocket diameter do= 4 mm, 
pocket depth £ = 10 and 20 urn. 
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Fig. 13. Radial and circumferential 
pressure distribution across pad number 
"12", type "c", supply pressure ps = 0.5 
MPa, orifice diameter d = 0.3 mm, 
pocket diameter do= 4 mm, pocket depth 
£=0 urn. 



For all the cases experimentally considered for annular orifices (pad types V and "c"), it can 
be seen that pressure distribution behavior pressure is heavily dependent on 8, as well as on 
h and d. If 8> h (Figures 10, 11), a uniform pressure is reached in the pocket, whereas if 8< h 
(Figure 12), the pocket's resistive effect predominates over the capacitive effect, and there is 
a slight reduction in the pressure along the pocket. In practice, this reduction is negligible by 
comparison with the pressure drop in the air gap, as the dimensions of the pocket are so 
much smaller than those of the pad. If 5 « h (Figure 13), the reduction in the pressure along 
the pocket is not negligible and the results are similar to those for the annular orifice feeding 
system. For pad type "c", moreover, a comparison of all radial and circumferential pressure 
distributions indicates that they exhibit a sufficient degree of axial symmetry with respect to 
the orifice axis; an example is shown in Figure 13. 



5. Identification method 

Discharge coefficient identification consists of considering the pad as a series of pneumatic 

resistances sharing the same center: the hole resistance, the gap inlet resistance and the 

viscous resistance along the gap. 

In the case of the annular orifices (type "a" pads), the hole resistance and the gap inlet 

resistance can be grouped in a single resistance which causes pressure drops ps - pu It is thus 

possible to define a discharge coefficient Q c for this pressure drop, considering the supply 

orifice's circular section as the air passage section. 

For simple orifices with feed pocket (types V and "c" pads), the hole resistance and the gap 

inlet resistance can be considered independent, as they cause ps - pi and pj - p\ respectively. 
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Two discharge coefficients can thus be defined, one for each of the two localized pressure 
drops. As for annular orifice systems, discharge coefficient Q /C for the first pressure drop ps 
- pT is calculated considering the supply orifice's circular section of diameter d as the air 
passage section. Discharge coefficient Q /fl for the second pressure drop pj - p\ is calculated 
by taking the annular section of height h and diameter do as the passage section. When the 
pocket is sufficiently deep ( 8> 20 |um), the pressure drop at the air gap inlet is significant by 
comparison with that across the inlet hole, and in this case both the discharge coefficients 
must be defined. In all cases with 8 < 20 |um, pj = p\ and it is possible to define only 
coefficient Q /C . 
The theoretical air flow rate through each lumped resistance is given by equation (3): 



G t =S-P Ui 



k 




2 if ^-> 0.528 



R-T P u 

(3) 



7 P 

if -£< 0.528 



k+1 R-T P 



where P u and Pd are the resistances' upstream and downstream absolute pressures, T is the 
absolute temperature upstream of the nozzle, S is the passage section area, R = 287.1 J/ (kg K) 
is the air constant, and k = 1.4 is the specific heat ratio of air at constant pressure and volume. 
As G t and G are known, the values of Q c and Q, fl were calculated using equation (1). 
In order to allow for the effect of geometric parameters and flow conditions on system 
operation, Q c and Q /fl can be defined as a function of the Reynolds number Re. 
Considering the characteristic dimension to be diameter d for the circular passage section, 
and height h for the annular passage section, the Reynolds numbers for the two sections are 
respectively: 

_ pud 4G _ puh G ,.. 

Re c = ^ = ; Re fl = ^ = (4) 

\i 7i dp ' p 7i d p 

where p, u and ju are respectively the density, velocity and dynamic viscosity of air. 
Figure 14 shows the curves for Q /C versus Re c obtained for the pads with annular orifice 
supply system (type "a") plotted for the geometries indicated in Table 1 at a given gap 
height. Each experimental curve is obtained from the five values established for supply 
pressure. Results indicate that supply orifice length / in the investigated range (0.3 mm - 1 
mm) does not have a significant influence on Q /C . By contrast, the effect of varying orifice 
diameter and gap height is extremely important. In particular, Q /C increases along with gap 
height, and is reduced as diameter increases, with all other geometric parameters remaining 
equal. For small air gaps, Q /C generally increases along with Re c , and tends towards constant 
values for higher values of Re c . With the same orifices but larger air gaps, values of Re c 
numbers are higher: in this range, the curves for the Q /C coefficients thus obtained have 
already passed or are passing their ascending section. 

Figure 15 shows Q c versus Re c obtained for the pads with simple orifices with feed pocket 
supply system (pads V and "c") for pressure drop ps - pi, plotted for the geometries 
indicated in Table 2 with 8 = 10, 20, 1000 |um and at a given gap height. As the effects of 
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varying orifice length were found to be negligible, tests with feed pocket supply system 
were carried out only on pads with I = equal to 0.3 mm. The values for Q /C obtained with the 
simple orifices with feed pocket are greater than the corresponding coefficients obtained 
with annular orifice system, but the trend with Re c is similar. In particular, the same results 
shown in Figure 14 are obtained if 8 tends to zero. 

If 8 = 10, 20 |um Cd, c is heavily dependent on h, d, 5: it increases along with gap height h and 5, 
and is reduced as diameter d increases, with all other geometric parameters remaining equal. 
If 8 = 1 mm, values for Q c do not vary appreciably with system geometry, but depend 
significantly only on Re c . For Re c — » oo, the curves tend toward limits that assume average 
values close to Q c max = 0.85. 



0,4 
0,35 

0,3 
0,25 

0,2 
0,15 

0,1 
0,05 



nL. >: : -^i 



.,£££^1 

'4-^-f^i 



2000 4000 6000 



[mm] [mm] [jjm] 



0,9 
0,8 






t-4" 


-m 




0,7 


d do 

[mm] [m 
0.2 2 
0.2 2 


S h 

m] [ml lm) 

1000 9 
1000 11 


/ P J<f i i 


--o-- 


0,6 
0,5 


--D-- 
--D-- 


0.2 2 
0.3 2 
0.3 2 


1000 
1000 
1000 


14 
9 

11 


if 


a 


-■*■- 


0.3 2 
0.4 2 


1000 
1000 


14 
9 


0,4 


i 


--Ar- 


0.4 2 


1000 


11 


i 


4 .^--+-'t i 


--*-- 


0.4 2 


1000 


14 


0,3 


i +- 




--<!-- 


0.2 4 


20 


9 




















--+-- 


0.2 4 


10 


9 








-iB-- 


0.7. 4 


10 


4 

















Fig. 14. Experimental values for Q /C versus 
Re c obtained for type "a" pads 
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Fig. 15. Experimental values for Q /C versus Re c 
obtained for type V and V pads, and with 
/ = 0.3 mm 



Figure 16 shows Q /fl versus Re a obtained for the pads with simple orifice and feed pocket 

supply system and with a non-negligible pressure drop j)j - pi (type V pads). Here again, 

values for Q fl depend significantly only on Re a and tend towards the same limit value slightly 

above 1. This value is associated with pressure recovery upstream of the inlet resistance. 

In order to find formulations capable of approximating the experimental curves of Cd, c and 

Cd, a with sufficient accuracy, the maximum values of these coefficients were analyzed as a 

function of supply system geometrical parameters. 

Figures 17 and 18 show the experimental maximum values of Q /C from Figure 14 and Figure 

15 respectively, as a function of ratio h/d and (h+Sj/d. Figure 18 also shows the results of 

Figure 17 (8 = 0) only for I = 0.3 mm. The proposed exponential approximation function is 

also shown on the graphs: 



f 1 [(h + 8)/dl = 0.85{l-e^°' +5)/ ^ ) j 



(5) 



where 8=0 for annular orifices. To approximate the experimental values of the discharge 
coefficients in the ascending sections of the curves shown in Figures 14 and 15, a function 
f 2 of h, 5, Re c is introduced: 
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f 2 [(h + 5)/d]-- 



-0.001 Re^^ 

1-e h+ ± 



(6) 



The complete function proposed to identify Q /C thus assumes the following form: 



C (4c =/ 1 ./ 2 =0.85(l- e - &2 « h+fl/ *)) 



-0.001 Re c - 



h+5 \ 
h+45 



(7) 



The graphs in Figures 14 and 15 show several curves where all the values of coefficients Q c 
are in a range equal to about 5% of the maximum calculated value. For these cases, it is 
assumed that the Q /C curves have already reached their limit, which is considered to be 
equal to the average calculated value. In the other curves, the values of Q /C do not reach 
their limits, to extrapolate these limits the values obtained with the highest Re c have been 
divided by the function fi and the results are shown in Figure 18. 

Experimental data for Q c max can be grouped into three zones: zone I ((h+S)/d <0.1) for 
orifices with no pockets, zone II ((h+S)/d = 0.1 to 0.2) for shallow pockets, and zone III 
((h+S)/d >0.2) for deep pockets. While Q COTflx depends on h and Sin zones I and II, it reaches 
a maximum value which remains constant as (h+S)/d increases in zone III. In particular, 
when d is predetermined and Sis sufficiently large, Q /CmflX is independent of h. In this range, 
the supply system provides the best static bearing performance, as reducing air gap height 
does not change Q /C max and thus does not reduce the hole's conductance. However, 
excessive values for 5 or for pocket volume can cause the bearing to be affected by dynamic 
instability problems (air hammering), which must be borne in mind at the design stage. 
The proposed exponential approximation function for Q /fl in simple orifices with feed 
pocket is an exponential formula which depends only on Re a : 



C ia =1.05-(l-e-° W5Re °) 



(8) 
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Fig. 16. Experimental values for Q /fl versus 
Re a , for type V pads, with 8=1 mm and 

do = 2 mm 



Fig. 17. Maximum experimental values of Q /C 
and function ft (solid line) for pads with 
annular orifice, versus ratio h/d 
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The graphs in Figures 19-22 show a comparison of the results obtained with the these 
approximation functions. Specifically, Figures 19-20 give the values of Q /C for the annular 
orifices, while Figures 21 and 22 indicate the values of Q c and Q /fl respectively for the 
simple orifices with pocket. 

As can be seen from the comparison, the data obtained with approximation functions (7) 
and (8) show a fairly good fit with experimental results. 
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Fig. 18. Maximum experimental values of Q /C Fig. 19. Experimental values (dotted lines) 

and function fi (solid line) for the pad with and approximation curves (solid lines) for 
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6. Mathematical model of pads 

The mathematical model uses the finite difference technique to calculate the pressure 
distribution in the air gap. Static operation is examined. As air gap height is constant, the 
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study can be simplified by considering a angular pad sector of appropriate amplitude. For 
type " c" pads, this amplitude is that of one of the supply holes. 

Both the equations for flow rate G (3) across the inlet holes and the Reynolds equations for 
compressible fluids in the air gap (9) were used. 



ld_ 

r dr 



rh 



dr 



,2 A 



1 d 



>2\ 



dP 
d3 



-24//#T c 



rdrdS 



- = 



(9) 



The Reynolds equations are discretized with the finite difference technique considering a 
polar grid of "n" nodes in the radial direction and "m" nodes in the angular direction for the 
pad sector in question. The number of nodes, which was selected on a case by case basis, is 
appropriate as regards the accuracy of the results. Each node is located at the center of a 
control volume to which the mass flow rate continuity equation is applied. Because of the 
axial symmetry of type "a" and "h" pads, flow rates in the circumferential direction are zero. 
In these cases, the control volume for the central hole is defined by the hole diameter for 
type "a" pads or by the pocket diameter for type "b" pads. The pressure is considered to be 
uniform inside these diameters. For type " c" pads, the center of each supply hole 
corresponds to a node of the grid. As an example for this type, Figure 23 shows a schematic 
view of an air gap control volume centered on generic node i,j located at one of the supply 
holes. Also for this latter type, several meshing nodes are defined in the pockets to better 
describe pressure trends in these areas. 

In types "b" and " c" , the control volumes below the pockets have a height equal to the sum 
of that of the air gap and pocket depth. 

For type "b" , which features very deep pockets, the model uses both formulations for 
discharge coefficients Q /C and Q /fl , whereas for type "c" only Q /C is considered. 
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Fig. 22. Experimental values (dotted lines) and Fig. 23. Control volume below generic 
approximation curve (solid line) for Q« versus node i,j located on a supply hole of type 
Re a/ for type V pads, 8=1 mm, do = 2 mm " c" pad. 

The model solves the flow rate equations at the inlet and outlet of each control volume 
iteratively until reaching convergence on numerical values for pressure, the Reynolds 
number, flow rate and discharge coefficients. 



374 



New Tribological Ways 



7. Examples of application for discharge coefficient formulations: 
comparison of numerical and experimental results 

A comparison of the numerical results obtained with the radial and circumferential pressure 
distributions indicated in the graphs in Figures 9-12 will now be discussed. The selected 
number of nodes is shown in each case. For all simulations, the actual hole diameters for 
which pressure distribution was measured were considered. The data obtained with the 
formulation are in general similar or slightly above the experimental data, indicating that 
the approximation is sufficiently good. In all cases, the approximation is valid in the points 
located fairly far from the supply hole, or in other words in the zone where viscous behavior 
is fully developed, inasmuch as the model does not take pressure and velocity gradients 
under the supply holes into account. This is clearer for type "a" pads (Figure 24) than for 
type "h" and " c" pads, where the model considers uniform pressure in the pocket. For cases 
with deep pockets (type "b" pads), the numerical curves in Figure 25 show the pressure rises 
immediately downstream of the hole and at the inlet to the air gap due to the use of the 
respective discharge coefficients. For type " c" pads with pocket depth 8< 20 |um (Figure 26), 
on the other hand, the pressure drop at the air gap inlet explained in the previous paragraph 
was not taken into account. In general, the approximation problems were caused by air gap 
height measurement errors resulting both from the accuracy of the probes and the 
difficulties involved in zeroing them. Thus, it was demonstrated experimentally that 
pressure in the air gap and flow rate are extremely sensitive to inaccuracies in measuring h. 
Significant variations in h entail pressure variations that increase along with average air gap 
height. Figure 27 shows another comparison of experimental and numerical pressure 
distributions for type "c" pads, this time with different air gap heights and pocket depths. 
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Fig. 24. Numerical and experimental radial 
pressure distribution across number "1" pad, 
type V , supply pressure ps = 0.5 MPa, 
orifice diameter d = 0.2 mm, air gap height 
h = 9 and 14 |um, nxm= 20x20. 



Fig. 25. Numerical and experimental radial 
pressure distribution across entire pad 
number "8", type V, supply pressure ps = 0.5 
MPa, orifice diameter d = 0.2 mm, pocket 
diameter do= 2 mm, pocket depth 8=1 mm, 
air gap height h = 9 and 14|um, nxm= 20x20. 
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Fig. 26. Radial pressure distribution across pad 
number "11", type "c", supply pressure ps = 0.4 
MPa, orifice diameter d = 0.2 mm, pocket 
diameter do= 4 mm, pocket depth 5 = 20 |um, air 
gap height h = ll \im , nxm= 20x20. 
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Fig. 27. Numerical and experimental 
circumferential pressure distribution across 
pad number "11", type "c", supply pressure 
ps = 0.5 MPa, orifice diameter d = 0.2 mm, 
pocket diameter do = 4 mm, pocket depth 
£=10 and 20 |um, nxm= 20x20. 
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Fig. 28. Further pads tested to verify the discharge coefficient formulation 

The discharge coefficient formulation was also verified experimentally on a further three 
pads as shown in the diagram and photograph in Figure 28, including two type " c" pads 
and one grooved pad (type "d"). Table 3 shows the nominal geometric magnitudes for each 
pad. The first two (13, 14) have a different number of holes and pocket depth is zero. The 
third (15) features 10 jum deep pockets and a circular groove connecting the supply holes. 
The groove is 0.8 mm wide and its depth is equal to that of the pockets. The figure also 
shows an enlargement of the insert and groove for pad 15 and the groove profile as 
measured radially using a profilometer. 

In these three cases, the center of the pads was selected as the origin point for radial 
coordinate r and the center of one of the supply holes was chosen as the origin point of 
angular coordinate 9-. 
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In all cases, the actual average hole dimensions were within a tolerance range of around 10% 
of nominal values. A mathematic model similar to that prepared for type " c" pads was also 
developed for type "d" , considering the presence of the groove. Comparisons of the 
experimental and numerical pressure distributions for the three cases are shown in Figures 
29 - 31. 
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Table 2. Nominal dimensions of pads 13, 14, 15. 
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Fig. 29. Numerical and experimental circumferential pressure distribution across pad "13", 
supply pressure ps = 0.5 MPa, orifice diameter d = 0.2 mm, pocket diameter do= 4 mm, 
pocket depth £=0 |um, air gap height h = 15 \xm, 6 = 0° and 30°, nxm= 21x72. 



5 


x 10 5 




Pad 14, t 


=0° 






# 






□ exp h=13 |am 


4 




~i r - 


X 


num h=13 |j,m 

O exp h=18 u.m 


? 








num h=18 |j,m 


^ 3 




-i i - 


Mk r J , 


tf> 








3 








CO 








CO 9 

9> 2 





Z^ 


/C% JAvk 


0. 




J& '••j 


^acgo N >?Pv 


1 











5 


7.5 10 


12.5 


15 17.5 2C 



2 


x 10 






Pad 14, 6 


= 60° 


T 




1.8 
1.6 
1.4 


D exph=13|um 

num h=13 urn 

O exph=18|um 
num h=18 |um - 


1.2 














0.8 
0.6 
0.4 
0.2 








/D 


D 
O 


"5 sS^ 
d o o £T 


°°^>^ 


o 






i O^j 




7.5 


10 12.5 

Radial distan 


15 17.5 2 

ce r[mm] 



Radial distance r[mm] 

Fig. 30. Comparison of experimental and numerical radial pressure distributions, pad "14" 
ps = 0.5 MPa, orifice diameter d = 0.2 mm, pocket diameter do = 4 mm, pocket depth 
S=0\xm, air gap height h = 13 and 18um, = 0° and 60°, nxm= 21x72. 
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Fig. 31. Comparison of experimental and numerical radial pressure distributions, pad "15", 
ps = 0.5 MPa, orifice diameter d = 0.3 mm, pocket diameter do = 4 mm, pocket depth 
8= 10|um, air gap height h = 13 and 18 urn, 9 = 0° and 60°, nxm= 21x72. 

Here as in the previous cases, the numerical curves correspond with the experimental data 

or overestimate them slightly. 

For the pad with groove and pockets in particular, the width of the groove is slightly greater 

than the diameter of the supply holes and the pockets are sufficiently large to distance the 

groove from the holes. In this way, the influence of the groove on the air flow adjacent to the 

supply holes is negligible, the system's behavior is similar to that of the type " c" pad, and 

the validity of the formulation is also confirmed for this case. 

It should be borne in mind, however, that reducing the size of the pockets and groove can 

have a significant influence on flow behavior around the supply holes. In cases where the 

formulation is not verified, it will be necessary to proceed with a new identification of the 

supply system. 



8. Conclusions 

This chapter presented an experimental method for identifying the discharge coefficients of 

air bearing supply systems with annular orifices and simple orifices with feed pocket. 

For annular orifice systems, it was found that the flow characteristics can be described using 

the experimental discharge coefficient relative to the circular orifice section, Q, c . 

For simple orifices with feed pocket, the flow characteristics can be described using two 

experimental discharge coefficients: Q /C for the circular section of the orifice and Q, B for the 

annular section of the air gap in correspondence of the pocket diameter. In particular, for 

deep pockets with (h+S)/d > 0.2, both coefficients apply, while for shallow pockets with 

(h+Sj/d < 0.2, only coefficient Q /C applies. 

Analytical formulas identifying each of the coefficients were developed as a function of 

supply system geometrical parameters and the Reynolds numbers. 

To validate the identification, a finite difference numerical model using these formulations 

was prepared for each type of pad. Experimental and numerical pressure distributions were 

in good agreement for all cases examined. The formulation can still be applied to pads with 

a circular groove if sufficiently large pockets are provided at the supply holes. Future work 

could address supply systems with grooves and pockets with different geometries and 

dimensions. 

As pad operating characteristics are highly sensitive to air gap height, the identification 

method used calls for an appropriate procedure for measuring the air gap in order to ensure 
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the necessary accuracy. The method also requires detailed measurement of the pressure 
distribution adjacent to the supply hole to identify the local maximum pi. Alternative 
identification methods are now being investigated in order to overcome the difficulties 
involved in performing these measurements, and preliminary findings are discussed in 
Belforte et al, 2010-d. 

In general, the proposed formulation is applicable for values of ratio (h+Sj/d varying from 
0.03 to 5. Further developments will address the identification of annular orifice supply 
systems with ratio h/d under 0.03. 



9. Nomenclature 



c d 

Cd,a 

Cd,c 

D 
G 



Discharge coefficient 

Discharge coefficient for annular 

section 

Discharge coefficient for circular 

section 

Supply passage diameter 

Mass flow rate 



G t Theoretical mass flow rate 

P Absolute pressure 

Pd Downstream absolute pressure 

P u Upstream absolute pressure 

R Constant of gas (= 287.1 J/ kg K) 

Re a Reynolds Number for annular section 

Re c Reynolds Number for circular section 

S Passage section 

T Absolute temperature upstream of the 

nozzle 

T Absolute temperature in normal 

condition ( 288 K) 

c Circumferential coordinate 

d Supply orifice diameter 

do Pocket diameter 



dr 
d$ 



q* 



Pi 

p T 
ps 
u 



Generic control volume radial length 
Generic control volume angular 
width 

Specific heat ratio of air (= 1.4) 

Air gap height 

Supply orifice length 

Mass flow rate across control volume 

in the radial direction 

Mass flow rate across control volume 

in the circumferential direction 

Radial coordinate 

Radius of completely developed 

viscous resistance zone 

Relative pressure at radius n 

Pocket relative pressure 

Supply relative pressure 

Air velocity 



a Conicity angle 

5 Pocket depth 

Air viscosity in normal condition 
^ (= 17.89 10-6 Pa s) 

Air density in normal condition 
p (=1.225kg/m3) 
9- Angular coordinate 
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1. Introduction 

It is well known by now that pressure, temperature, and film shape definitely play 
important roles in the failure of heavily loaded non-conformal contacts, such as rolling 
element bearings, gears, traction drives, or cams and tappets. Furthermore, the effect of heat 
generated due to the shearing of the high-pressure lubricant is no longer negligible under 
sliding conditions, as the heat changes the characteristics of the oil flow because of a 
decrease in viscosity. Therefore, the thermal effect on the film thickness and traction is 
significant in elastohydrodynamic lubricated contacts. So an accurate estimate of the 
temperature distribution in the contact zone at various operational parameters is necessary. 
Since (Sternlicht et al., 1961) started to consider the thermal effects of line contact in the EHL 
under rolling/ sliding conditions, the inclusion of thermal effects in EHL has been an 
important subject of research in the field of tribology. Many numerical solutions considering 
the thermal effects on EHL have been presented, for instance, by (Ghosh & Hamrock, 1985), 
(Salehizadeh & Saka, 1991), and (Lee & Hsu, 1993); and for thermal point contact problems 
by (Zhu & Wen, 1984), (Kim & Sadeghi, 1992), and (Lee & Hsu, 1995). With respect to 
measuring the temperature increase in EHL contacts, (Cheng & Orcutt, 1965), (Safa et al., 
1982), and (Kannel et al., 1978) have measured the temperature increase in a sliding surface 
using a thin film gauge deposited on a disc. (Turchina et al., 1974) and (Ausherman et al., 
1976) employed an improved infrared technique to measure the temperature distribution of 
the oil film and surface. They demonstrated that the temperature was maximum at zones 
with minimum film thickness in the contact side lobes. Recently, (Yagi et al., 1966) described 
the mechanism of variations of EHL oil film under high slip ratio conditions. The oil film 
thickness between a ball surface and a glass disk was measured using optical 
interferometry, and the temperature of both the surfaces and of the oil film average across it 
were measured using an infrared emission technique. They demonstrated that the shape of 
the oil film can be varied by viscosity wedge action which related to pressure and 
temperature. 

During the last decade, optical interferometry has been found to be the most widely used 
and successful method in measuring oil film. Several studies of an EHL film were carried 
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out by experiments (Cameron & Gohar, 1966; Foord et aL, 1968; Johnston et aL, 1991; 
Gustafsson et aL, 1994; Yang et aL, 2001). Since the image processing technique requires a 
calibration, which always introduces errors, the multi-channel interferometry method was 
proposed by (Marklund et aL, 1998) to overcome such problems. (Luo et aL, 1996) measured 
the center lubricated film thickness on point contact EHL by using a relative optical 
interference intensity technique. Furthermore, (Hartl et aL, 1999) presented a colorimetric 
interferometry to improve over conventional chromatic interferometry in which film 
thickness is obtained by color matching between interferogram and color-film thickness 
dependence obtained from Newton rings for static contact. 

When the film thickness map is obtained from the optical interferometry, the pressure 
distribution can be computed by using the elastic deformation and the force balance theories. 
This pressure can be used in the Reynolds equation to evaluate the viscosity. (Paul & 
Cameron, 1992) used an impact viscometer to evaluate the pressure distribution and the 
apparent viscosity. (Wong et aL, 1992) measured the apparent viscosity, the shear stress, and 
shear rate of liquid lubricants using an impact viscometer. Moreover, they developed a new 
viscosity-pressure relationship which takes the form of a Barus equation at low pressures and 
reaches a limiting viscosity at high pressure. (Astrom & Venner, 1994) presented a combined 
experimental/ numerical approach to gain insight into such pressure fluctuations. They used 
the film thickness map obtained by (Gustafsson et aL, 1994) to calculate the pressure 
distribution from the force balance and elastic deformation theories in a grease-lubricated 
point contact. (Ostensen et aL, 1996) theoretically investigated the possibility of using optical 
interferometry for determining pressure and apparent viscosity in an EHL point contact. 
Results showed that some of the small fluctuations in pressure are due to the discontinuities in 
film thickness. However, this small pressure fluctuation would result in a large error in 
calculating the viscosity due to the amplification by the performing pressure differentiation in 
the Reynolds equation. Hence, (Lee et aL, 2002) developed an inverse approach to overcome 
this problem in EHL line contacts. In this algorithm, only a few measured points of film 
thickness are sufficient enough to estimate the pressure distribution without any fluctuation. 
Recently, an inverse model proposed by (Yang, 1998) has been widely applied in many 
design and manufacturing problems in which some of the surface conditions cannot be 
measured. However, this method used in the inverse TEHL (thermal elastohydrodynamic 
lubrication) problem is still scarce in the literature. Hence, in this paper, the inverse 
approach is extended to calculate the mean oil film temperature rise and surface 
temperature rise distributions and to investigate the sensitivity of the temperature rise and 
the apparent viscosity for the experimental measurement errors. Moreover, the 'exact 7 
solutions, such as pressure, temperature rise and film thickness are obtained from the 
numerical solution of the TEHL line contacts problem. 

3. Theoretical analysis 

As shown in Fig. 1, the contact geometry of two rollers can be reduced to the contact 
geometry as a roller and a flat surface. 

For the steady state, thermal EHL line contact problems, the Reynolds equation can be 
expressed in the following dimensionless form as: 



ax 



rj dX J dX 
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Fig. 1. The geometry of an EHL line contact, 
where 



b 3 p h 

In this equation, the mass density and the viscosity of lubricants related to pressure and 
temperature can be expressed as: 



P_ 

Po 



0.6xlCT> 
l + 1.7xKT 9 p 



[l-P(T m -T j\ 



(2) 



^ = exp{(9.67 + ln 7o )[-l + (l + 5.1xlO-V) z ]-r(T m -T )} 



(3) 



where z is the pressure-viscosity index, j5 is thermal expansivity of lubricant, y is 
temperature-viscosity coefficient of lubricant. If the pressure and mean temperature are 
given, the apparent viscosity and density can be calculated from equations (2) and (3), 
respectively. 

3.1 Pressure calculation 

It has been known that the film thickness in an EHL contact is the sum of the elastic 
deformation of the surfaces and the gap distance between two rigid surfaces. In the EHL line 
contact, the film shape in the dimensionless form is given as: 



X; 



Hl =H +^—\ x md P(X)\n\X-X\dX 



(4) 



Discretizing the domain with equi-distant mesh size A, Eq. (4) can be approximated by 
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X 1 n 

Z n ;=1 



where 



z-; + -|A 



In 



z-;- 



z-;--|A 



In 



z-;- 



(5) 



(6) 



The normal load for the line contact is assumed to be constant, thus the constant H n can be 



obtained from the dimensionless force balance equation as: 

\^" i p{x)dx=y 2 



(7) 



or in the discretized form 



Z 7=1 



(8) 



Once the film shape is measured, the pressure distribution can be calculated from Eqs (5) 
and (8) or in a matrix form as: 



H = DP 



(9) 




1 o 



H f 



(10) 



This system equation consists of n+1 equations and unknowns, and the matrix D is a full 
square matrix. In this paper, if the pressure distribution is calculated from this system 
equation, then it is called the direct inverse method. 

3.2 Inverse approximation for calculating pressure 

In order to avoid the small fluctuation in calculating the pressure, the pressure distribution 
can be assumed to be a polynomial function, the pressure distribution can be represented in 
the following series form in terms of X as: 



^ = I« m (X;-c) m = 2«m/; 



//;/ 



(11) 



where a m is an undetermined coefficient, 1 is a positive integer, and c is a constant. In this 
paper, most of c is set to zero. Substituting this approximation into the system Eq. (10), the 
governing equation becomes 



H = DFA 



(12) 
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(13) 



In this equation, Hi is the film thickness with n measured point, and D is a (n + 1) x (k + 1) 
matrix, where k is the total node number of the pressure. It is obvious that F is a 
(k + 1) x (I + 2) matrix, and A is a (1 + 2) vector. For the viscous EHL problem, it has been 
known that the pressure spike appears in the dimple region of the film shape. Hence, to 
obtain the pressure distribution using the inverse approach, it is necessary to divide the 
domain into a few regions due to the singular point at the pressure spike. Therefore, the 
divided matrix form can be written as: 
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(14) 



If the unknown variables a m and Ho are given, the estimated film thickness can be calculated 
from Eq. (14). It is obvious that the estimated film thickness is different from the measured 
one. Hence, to obtain the smallest error between the measured and estimated film thickness, 
the linear least squares methods is employed here. The least-squares criterion requires the 
following function to be minimized. 



_ /Tj-estimated _ Tj-measurecUT /xx estimated _ tt measured \ 



The best value for A can be determined from 



Then, the governing equation for the best value of A can be obtained as 



= 



A = [(DF) T (DF)] a (DF) T H 



(15) 



(16) 



(17) 



In this equation, (DF) (DF) is a (Z + 2)x(Z + 2) matrix. As a result, it can save much 
computation time in calculating A because 1 is generally less than 20 in the present study. 
The variables a m are given, the pressure distribution can be calculated from Eq. (11). 
Furthermore, since the pressure has been expressed as the polynomial form, the small 
fluctuation in the pressure can be eliminated. 



3.3 Temperature calculation 

The temperature distribution within an oil film can be solved by the energy equation subject 
to appropriate boundary conditions. Neglecting heat convection across the film and 
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circumferential conduction in the film, the energy equation for line contact problems may be 
written as: 
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dy 
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(18) 



Adding the continuity equation to Eq. (18) and integrating the resultant energy equation 
across the film thickness can be expressed as: 



rh.duT dvT.. dT 
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(19) 



The non-linear integral convective terms in Eq. (19) can be linearized and be approximately 
equivalent to the product of the mean velocity and the temperature. 
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Integration of the continuity equation across the film thickness can be expressed as: 

duji 



dx 



= 



The substitution of Eqs. (20) and (21) into the energy equation leads to: 
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or in dimensionless form as: 
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The energy equation requires the surface temperatures of the rollers as its boundary 
conditions. The problem of the surface temperature of a semi-infinite solid subjected to a 
moving heat source was first solved by Carslaw and Jaeger. Therefore, the boundary 
conditions for Eq. (23) can be expressed as: 

r t( x,o)=r w+ «* Mr' 2 fc- f >> / x ' ( 2 4) 

T J Wb k b u b b 2 U» H JX^X' 
T a (X,l) = f a0+ Jt£ MfX2(f.-fj dX- 

f m =T ,atX = -co (26) 

Once the film shape is measured, the variables a m can be calculated from Eq. (17). Therefore, 
the pressure distribution can be calculated from Eq. (11), and the estimated film thickness 
can be calculated from equation (14). As mentioned above, since the mass density and the 
viscosity of lubricants are the functions of the pressure and mean temperature, so the initial 
mean temperature must be guessed, and the Gauss-Seidel iteration is employed to calculate 
the temperature from Eqs. (2), (3) and (23)-(26). If the pressure distribution, film shape, mass 
density and viscosity of lubricants with are given, then the Reynolds Eq. (1) can be satisfied. 

4. Results and discussion 

4.1 Direct inverse method 

In order to illustrate the validity of the present technique discussed above, several numerical 
tests have been performed. Typical results for the case of W=l .8182x10 s , U=7.2727xl0 12 , and G 
= 3500 with 169 grid points are shown in Figs. 2 and 3. In this study, the 'exact' solution of film 
thickness, pressure, and temperature rise distribution in the lubricated contact are calculated 
numerically by using the lubricant and roller properties according to Tables 1 and 2. In solving 
the thermal EHL line-contact problems, the coupled Reynolds, energy, load balance, film 
thickness, rheology, and surface temperature equations must be solved simultaneously. 
When the measured points are the same as the estimated points, it is not necessary to use the 
series form to represent the pressure distribution. Hence, the solution obtained from Eqs. (2), 
(3), (9) and (23)-(26) are called the solution of the direct inverse method. By using the direct 
inverse method, Fig. 2 shows the effect of the measured points of the film thickness on the 
pressure distribution, and Fig. 3 shows the effect of the measured points of the film thickness 
on the temperature rise distribution. In these figures, the input data is the film thickness at 
different measured points. It is obvious that with increasing the number of measured points, 
the solution approaches the 'exact 7 numerical solution. When the 8-point measurements are 
taken uniformly, results show that the estimated values of the pressure and temperature rise 
are bad in the whole region. When the 43-point measurements are taken uniformly, results 
show that the estimated values of the pressure and temperature rise are quite accurate in the 
inlet and outlet regions, but the pressure and temperature rise spikes are incorrect. When the 
measured points are increased, results show that the estimated values of the pressure and the 
temperature rise become quite accurate in the pressure spike region. It is clear that the direct 
inverse method requires a lot of measured points. 
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Fig. 2. Pressure distributions for different measured points in the film thickness using direct 
inverse method. 
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Fig. 3. Temperature rise distributions for different measured points in the film thickness 
using direct inverse method. 
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G (Material parameter) 3500.0 

Inlet temperature of lubricant, K 313.0 

Inlet viscosity of lubricant, Pa-S 0.04 

Inlet density of lubricant, kg/m 3 846.0 

Pressure viscosity coefficient, 1/GPa 15.91 

Temperature-viscosity coefficient, 1/K 6.4x1 4 

Thermal conductivity of lubricant, W/m-K 0.14 

Specific heat of lubricant, J/Kg-K 2000.0 

Pressure-viscosity coefficient (Roelands) 0.4836 



Table 1. Properties of lubricant. 



Equivalent radius, m 0.02 

Thermal conductivity of rollers, W/m-K 47.0 

Specific heat of rollers, J/Kg-K 460.0 

Density of rollers, kg/m 3 7850.0 

Elastic modulus of rollers, GPa 200 

Poisson's ratio of rollers 0.3 

Table 2. Properties of rollers. 

Usually, the measurement error always occurs in the optical interferometry measurement. 
This minor measurement error makes the estimation away from the 'exact 7 numerical 
solution. In this study, the measured film thickness is generated from the pre-selected 'exact' 
numerical film thickness with the minor measurement error, and it can be expressed as: 

^measured = ^exact + ^^ (27) 

where X { is a random number, H c is the dimensionless central film thickness, and a is the 
dimensionless standard deviation of the measurement error. Figs. 4 and 5 show the effect of 
the dimensionless standard deviation of the measurement error on the pressure and 
temperature rise distribution. It is seen from these figures that the minor measurement error 
on the oil film significantly influences the pressure and temperature rise distribution. Table 
3 also shows that the resolution in film thickness can result in an error in the solution of the 
pressure and temperature rise distribution. Generally, the film thickness gradient is 
sensitive to the pressure distribution. As a result, pressure fluctuations can be found 
everywhere. If this pressure distribution is used to solve the temperature rise distribution, 
the error in the temperature rise should be also found everywhere. 
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Fig. 4. Pressure distributions for different standard deviations of the measured errors with 
169 measured points in the film thickness using direct inverse method. 
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Fig. 5. Temperature rise distributions for different standard deviations of the measured 
errors with 169 measured points in the film thickness using direct inverse method. 
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Table 3. Effect of film thickness measurement error on pressure and temperature 
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4.2 Inverse approach solution for pressure and temperature rise distributions 

To overcome the problems of pressure and temperature rise fluctuations, this paper 
proposes the use of an inverse approach. It is known that a pressure spike appears in the 
dimple region of the film shape in the viscous EHL problems. Hence, to obtain accurate 
pressure and temperature rise distributions using the inverse approach, it is necessary to 
divide the domain into several regions due to the singular point at the pressure spike. In this 
paper, the domain is divided into three regions including the inlet region, the Hertz contact 
region, and the outlet region, respectively. 

The unknown pressure distribution is approximated by a polynomial form shown in Eq. 
(11) with c = -3 and ao = 0; and the degrees of these three regions are shown in Table 4. The 
measured points in the film thickness can be chosen as 12, 21, and 31, within a domain from 
Xin = -3 to Xend = 1.2, and have been shown in Table 4. By using Eq. (17), the polynomial 
coefficients can be calculated. Substituting these coefficients into Eq. (11), the estimated 
pressure distribution can be calculated. It is seen from Figs. 6 and 7 that the number of 
measured points significantly influences the pressure and temperature rise distributions. 
With the increasing measured points, the solutions of the pressure and temperature rise 
distributions approach the 'exact 7 numerical solution. A twelve-point measurement in the 
film thickness gives a smooth solution of the pressure and temperature rise distributions, 
but it still exhibits a few errors on the whole region. For the 21 measured points in the film 
thickness, the solution of the pressure and temperature rise distributions are almost the 
same as the 'exact' numerical solution, but it still exhibits a few errors on the pressure and 
temperature rise in the vicinity of the spike region. Therefore, to obtain accurate pressure 
and temperature rise estimations, it is necessary to increase the number of measured points 
in the dimple region and in the pressure spike region, as shown in Fig. 6 and Table 4. 
The minor measurement error on the oil film significantly influences the pressure and 
temperature rise distributions. Therefore, to understand the effect of pressure error on the 
film shape, the estimated film shape can be calculated from the calculated pressure using 
Eq. (14). It is seen from Fig. 6 that with a twelve-point measurement, the estimated film 
shape is a very smooth curve passed through the measured points, but it is different from 
the 'exact' numerical film shape within the domain from X=-3.0 to X=1.2. For the other two 
measured cases, the estimated film shape is quite close to the 'exact' numerical film shape. It 
was discussed above that any small error on the film shape could result in a significant error 
on the pressure and temperature rise distributions. Hence, with more measured points, the 
error in the estimated film shape can be reduced, so that the estimated pressure and 
temperature rise distributions can be closer to the 'exact' numerical solution. 
The unknown pressure distribution is approximated by a polynomial form shown in 
equation (11) with the highest degree of 3, 5 and 7, respectively. It is seen from Figs. 8 and 9 
that with the highest degree of 3, the inverse approach can simulate the pressure and 
temperature rise distributions, but the pressure and temperature rise slight oscillations 
occur at all regions, the error in the pressure and temperature rise are obvious and the 
pressure and temperature rise spikes disappear. With increasing polynomial degree, the 
errors in the pressure and temperature rise decrease. 

It was discussed in Figs. 4 and 5 that the minor measurement error in the film thickness can 
result in pressure and temperature rise fluctuations everywhere. To obtain a smooth curve 
in the pressure and temperature rise distributions, the inverse approach is employed to 
solve this case. Figs. 10 and 11 present typical results obtained using the inverse approach 
when all the operating parameters are the same as those used in Figs. 4 and 5. In these 



Inverse Approach for Calculating Temperature 

in Thermal Elasto-Hydrodynamic Lubrication of Line Contacts 



393 



^^^^^^^ Region 
Item ^^^^^^ 


I 


II 


III 


X-range 


-3.00^X<-1.00 


-1.0^X<1.0 


1.0^X<1.2 


Degrees 


7 


7 


6 




-3.000 


-1.000 


1.000 




-2.750 


-0.750 


1.075 




-2.500 


-0.500 


1.150 




-2.250 


-0.250 


1.200 




-2.000 


0.000 






-1.750 


0.250 






-1.500 


0.400 






-1.250 


0.425 




Measured 


-1.025 


0.450 




points 




0.475 
0.500 
0.525 
0.550 
0.625 
0.700 
0.775 
0.850 
0.925 





Table 4. The regions and measured points in the film thickness. 
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Fig. 6. Pressure distributions and film shapes for different measured points in the film 
thickness using inverse approach. 
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Fig. 7. Temperature rise distributions for different measured points in the film thickness 
using inverse approach. 
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Fig. 8. Pressure distributions and film shapes for different degrees with 31 measured points 
in the film thickness using inverse approach. 
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Fig. 9. Temperature rise distributions for different degrees with 31 measured points in the 
film thickness using inverse approach. 

figures, the domain for the estimated pressure and temperature is divided into three regions 
with a total of 31 measured points in the film thickness. The range, degree of the polynomial 
form, and distribution of the measured points across these three regions are shown in Table 4. 
The numerical test tries to overcome the pressure and temperature rise fluctuations 
resulting from the implemented error in the film thickness. It is seen from Figs. 10 and 11 
that with the increasing dimensionless standard deviation of the measurement error, the 
errors in the pressure and temperature rise distributions also increase, especially at the 
Hertz contact region. For the case of a = 0.002, the results in the pressure and temperature 
rise distributions are almost equal to the 'exact' numerical solution. These results indicate 
that the present algorithm can overcome the pressure and temperature rise fluctuations due 
to the measurement error in the film thickness. Moreover, computing time can be saved due 
to the small matrix used in Eq. (17). 



4.3 Inverse solution for apparent viscosity 

Once the film shape is measured, the pressure distribution and estimated film thickness can 
be calculated from Eqs. (11), (14), and (17). As mentioned in section 3.3, the temperature rise 
distribution is calculated from Eqs. (2), (3) and (23)-(26) by using the Gauss-Seidel iteration. 
Furthermore, the mass density and the apparent viscosity of lubricants can also be obtained. 
Fig. 12 shows the dimensionless apparent viscosity versus the X-coordinate for various 
simulated measurement errors in the film thickness. The results show that the present 
algorithm still gives a reasonable solution for the apparent viscosity. By contrast, use of the 
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Fig. 10. Pressure distributions and film shapes for different standard deviations of the 
measured errors with 31 measured points in the film thickness using inverse approach. 
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Fig. 11. Temperature rise distributions for different standard deviations of the measured 
errors with 31 measured points in the film thickness using inverse approach. 
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direct method results in much greater errors in the apparent viscosity results, especially in 
the Hertz contact region. This is the consequence of the pressure fluctuation mentioned in 
Section 4.1. However, in the present algorithm, when an implemented error occurs in the 
film shape, the estimated film shape can be obtained by using Eq. (14). Hence, the present 
algorithm provides a smooth curve not only in the pressure distribution, but also in the 
estimated film shape. Therefore, it produces much more accurate apparent viscosity results. 
However, the error in the apparent viscosity increases with the increasing standard 
deviation of the implemented error. 

5. Conclusions 

This paper describes an inverse approach to estimate the pressure distribution, the 
temperature rise distribution, and the apparent viscosity distribution in an EHL line contact 
if the film thickness is given. To obtain an accurate pressure, it is necessary to divide the 
domain into several regions due to the singularity at the pressure spike. The principle to 
choose the measured points is proposed. This approach overcomes the problems of pressure 
and temperature rise fluctuations and generates accurate results of the pressure and 
temperature rise distribution from a small number of measured points of film thickness, 
which also saves computing time. The conclusions from the main results can be summarized 
as follows: 

1. The direct inverse method requires a lot of measured points of film thickness to 
establish the amplitude and location of the pressure and temperature spikes, but the 
inverse approach can obtain accurate results with only 31 measured points. 

2. With the measurement error from the resolution in the film thickness measurement, this 
approach also presents a smooth curve of the pressure and temperature distributions 
with a small error in the inlet, pressure spike, and outlet regions. 

3. Without the measurement error in the film thickness, this approach provides quite good 
solution for apparent viscosity. With the minor measurement error in the film thickness, 
this approach still gives a quite good solution in apparent viscosity, but the direct 
method provides much larger error in apparent viscosity. 

6. Nomenclature 

b semiwidth of hertzian contact (m) 

c p specific heat of the lubricant (J kg- 1 K- 1 ) 

c a ,c h specific heat of rollers a and b (J kg- 1 K- 1 ) 

E ' equivalent Young' s modulus (Pa) 

G dimensionless material parameter, a E ' 

H dimensionless film thickness, hR/b 2 

He dimensionless central film thickness 

Ho dimensionless constant defined in Eq. (4) 

Kij discretized kernel in Eq. (5) 

k thermal conductivity of lubricant (W nr 1 K" 1 ) 

k a ,k b thermal conductivity of rollers a and b (W nr 1 K" 1 ) 



400 New Tribological Ways 

p pressure (Pa) 

ph maximum hertzian pressure (Pa) 

P dimensionless pressure, p/ph 

R equivalent radius of contact (m) 

T temperature (K) 

T m mean temperature of lubricant film (K) 

T a ,T b surface temperature of rollers a and b 

T dimensionless temperature, T/To 

u a , u h surface velocity of rollers a and b (m s _1 ) 

u average rolling velocity (m s -1 ) 

LI dimensionless speed parameter, r/ u / E'R 

w load per unit width (N nr 1 ) 

W dimensionless load, W= w / E'R 

x,y coordinate (m) 

X, Y dimensionless coordinate, X=x/b, Y=y/h, 

z Roelands' pressure-viscosity index 

Ax or A distance between two neighboring grid points 

7] viscosity of lubricant (Pa-s) 

7] viscosity of lubricant at ambient pressure and inlet lubricant (Pa-s) 

rj dimensionless viscosity, r] / r/ 

X dimensionless viscosity parameter, X = 12r/ uR 2 / b 3 p h 

X { random number 

p density of lubricant (kg nv 3 ) 

p inlet density of lubricant (kg nr 3 ) 

p a , p b density of rollers a and b (kg nv 3 ) 

p dimensionless density of lubricant, p / p 

j5 thermal expansivity of lubricant (K -1 ) 

y temperature-viscosity coefficient of lubricant (K 1 ) 

o dimensionless standard deviation of the measured error 
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1. Introduction 

Recently, self-assembled nanofilms (SANFs), including self-assembled monolayers (SAMs), 
self-assembled multilayer films (SAMFs), self-assembled inorganic films (SAIFs) and self- 
assembled organic-inorganic composite films (SAO-ICFs), have generated substantial 
interest not only for its simple preparation procedure but also for its wide potential 
applications in many fields, such as surface modification, boundary lubricant coatings, 
sensors, photoelectronics, and functional bio-membrane modeling, etc (Foisner et al., 2004; 
Gulino et al, 2004; Hsu, 2004; Love et al, 2005; Ostuni et al, 1999; Song et al, 2008; Ulman, 
1996; Wang et al, 2005). As a potential lubricant film for controlling stiction and friction in 
micro-/ nano-electromechanical systems (MEMS/NEMS), SANFs offers distinct advantages 
over other strategies for lubrication of MEMS/NEMS devices. Especially, its assembly 
process is rapid, shape independent and needs no complicated equipment (Ulman, 1996). In 
general, the molecules can be assembled onto the targeted surfaces by a simple solution 
immersion or vapor phase deposition, even within nanoscale crevices between moving 
components of MEMS/ NEMS. 

To date, the adhesion, friction and wear behaviors of SANFs are extensively investigated in 
nanoscale and macroscale by using various techniques and apparatus. Scanning force 
microscope (SFM) techniques, mainly including atomic force microscope (AFM) (Butt et al., 
2005), interfacial force microscope (IFM) (Houston & Michalske, 1992), and chemical force 
microscope (CFM) (Noy et al., 1997), are often applied to evaluate the nanotribological 
performances of thin films. In AFM, the adhesive force between the AFM tip and the surface 
can be calculated from the "force-distance" curve (Cappella & Dietler, 1999) as follows 
(Tsukruk & Blivnyuk, 1998; Xiao & Qian, 2000): 

K d =KxZ p xh (1) 

K i 

where k c is the force constant of the cantilever, Z p is the vertical displacement of the 
piezotube, kl and k2 are the slopes of of the corresponding lines in Fig. 1. 
The friction force in nanoscale can also be measured in a contact scanning mode with a 
scanning angle of 90° or 270° (Fig. 2a). Such scanning will cause torsion of the cantilever and 
the resultant lateral force is regarded as the friction force (Fig. 2b). Theoretically speaking, 
the friction force can be easily calculated by applying the Hooke's law: 
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Fig. 1. A typical force-distance curve obtained by AFM. 
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Fig. 2. Scanning angle selection for AFM tip (a); The cantilever torsion at a scanning mode of 
contact and scanning angle of 90° (b), reproduced from Leggett et al., 2005; A typicaly 
friction loop (c); Friction versus applied load curves acquired by AFM, reproduced from 
Song et al, 2008. 

where kut is the lateral spring constant, Sm is the lateral sensitivity of the photodiode, AV is 
the torsion signal. However, the calibration of kut is still a challenge and therefore the 
friction force obtained from the friction loops (Fig. 2c) is generally expressed in a raw 
voltage form in the current studies. By acquiring friction at different applied loads, the 
friction (F/) -applied load (F n ) curves can be plotted, which is described by equation (Schwarz 
etal.,1995): 



F f = dF n ™ + c 2 F n + c 3 



(3) 

where C1-C3 are the material-dependent constants and the index m (0<ra<l) depends on the 
asperity geometry (Li et al, 1999). However, plenty of studies show that a linear dependence is 
often observed, equation 3 is therefore simplified to the following form by assuming c\ = 0., 

F f =jiF n +Fo (4) 

where ]i is friction coefficient, and Fq is assumed to be related with the adhesive force 
between AFM tip and the surface (Brewer et al, 2001; Foster et al, 2006; Li et al, 1999; Ou et 
al, 2009; Song et al, 2006; Song et al, 2008; Zhao et al, 2009). 
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The CFM is distinguished from the usual AFM technique by its probe tip which is 
chemically immobilized with certain functional molecules (Fig. 3a). This new SFM technique 
has been used to probe adhesion and friction forces between distinct chemical groups in 
organic and aqueous solvents. As shown in Fig. 3b, covalent modification of the Si3N4 tip 
with thiols and reactive silanes can be realized by different approaches (Noy et al., 1997). 



V - F (Adhesion) 

V - F„ (Friction) 





Fig. 3. Schematic drawing of the CFM setup. The inset illustrates the chemically specific 
interactions between a gold (Au) -coated, CH3- terminated tip and a COOH- terminated 
region of a sample (a); Scheme for chemical modification of tips and sample substrates (b). 
Reproduced from Noy et al., 1997. 

Similar to AFM, the IFM is also an ideal tool to investigate the interaction between a 
scanning tip and a nanoscale surface. The IFM setup is shematically depicted in Fig. 4. As 
shown in Fig. 4a, a piezo tube acts as a translator to move the mounted sample in xyz 
directions. The probe tip is mounted to a differential capacitor sensor instead of a cantilever 
in AFM. This special force sensor is mechanically stable and able to determine both the 
normal and friction forces over the entire range of the interfacial interaction, including the 
contact and noncontact regions (Fig. 4b, c) (Houston et al., 1992 and 2005). 
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Fig. 4. Schematic of the IFM (a). Averaged IFM data of frictional force vs normal force 
comparing the behavior of the CH3- and CF3-terminated films (b); An interfacial force profile 
(that is, force versus separation) for a 500 nm radius W probe interacting with an Au sample 
surface covered by SAMs of n-alkanethiol molecules (c). For b and c, negative values 
indicate attractive forces while repulsive forces are shown as positive. Reproduced from 
Houston & Michalske, 1992 (a and c) and Houston et al, 2005 (b). 

To investigate the macrotribological behaviors, various ball-on-plate tribometers, such as 
UMT, are usually applied. The friction coefficient versus sliding time curve of the tested 
specimen can be recorded automatically as the reciprocating sliding goes on. From this curve, 
the macroscopic friction coefficient and anti-wear life, which refers to the sliding time at which 
friction coefficient rises sharply, corresponding to lubrication failure, can be reflected (Fig. 5c). 



406 



New Tribological Ways 



a 






b Applied load 
Specimen Rail 

\ 1^ 


C °- 8 

0.7 
J 0.6- 
£ 0.5 

o 

U 0.4 

§ 0.3 

l 0.3 

0.1 


Ljt: 


yfVS\v^Vv 


Bs 


r* -^»" 


Reciprocating motion 


100 200 300 400 500 600 700 800 900 

Time (sec) 



Fig. 5. The photo of a UMT tribometer (a) and the schematic operation principle (b); A 
friction coefficient versus time curve acquired by a UMT tribometer (c). 

As these techniques developed, lots of researches have been done. It is revealed that the 
tribological properties are structure and composition dependent. Roughly speaking, the 
alkyl chain length and head/ tail group of SAMs have a great influence on its tribological 
behaviors. For SAMFs, the nature of each layer and the interaction between adjacent layers 
are key factors. In this chapter, the tribological behaviors of SANFs, including SAMs, 
SADLs, SAMFs, and SAO-ISFs, are reviewed, aiming at discovering the basic 
" micr ostructures-pr operties" correlation. 

2. SAMs 

2.1 One component SAMs 

SAMs have been widely investigated in the past 20 years because of its potential 
applications in the field of surface modification, boundary lubricant, sensor, 
photoelectronics, and functional bio-membrane modeling, etc (Foisner et al., 2004; Gulino et 
al., 2004; Hsu, 2004; Love et al, 2005; Ostuni et al, 1999; Ulman, 1996; Wang et al., 2005). On 
the basis of the surface chemical reaction and synthetic approaches, the chemical structures 
of SAMs can be manipulated easily at molecular level. Generally, two kinds of SAMs, 
namely, monolayers of alkylsilanes on silicon (Si) wafer surfaces and the monolayers of 
alkylthiols on Au surfaces (Tsukruk, 2001; Love et al., 2005), have been intensively studied 
as model lubricants not only for their excellent tribological properties but also for the wide 
application of Si substrate in MEMS/NEMS and the highly ordered structures of Au wafer. 
As schematically shown in Fig. 6, the precursor surfactant molecules [X3Si-(CH2) n -Y, HS- 
(CH 2 ) n -Y, X=-Cl/-OCH 3 /-OC 2 H 5 ] of SAMs consist of three parts, viz, head groups (X 3 Si- or 
HS-), alkylchains [-(CH2) n -], and tail groups (Y). Each part has great effect on the quality and 
tribological property of SAMs. 
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Fig. 6. A schematic view of the formation and forces in a SAMs. 
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The influence of headgroups 

The head groups interact with the active substrate through certain covalent bonding and 
serve as anchoring points to determine the affinity and stability of SAMs. The superiority of 
covalent bonding can be reflected by comparing with another popular candidate for 
MEMS/NEMS lubricant of Langmuir-Blodgett (LB) film, which attaches to the substrate via 
weak van der Waal force. As expected, SAMs is found to be much more stable against shear 
stress and possesses better wear resistance as compared with LB film with similar 
composition and structures (Bliznyuk et al., 1998; Bushan et al., 1995; DePalma & Tillman, 
1989; Kim et al, 1999; Overney et al, 1992; Peach et al, 1996; b,Tsukruk et al, 1996; Tsukruk, 
2001.). As shown in Fig. 7, C18 SAMs possess much better wear resistance as compared with 
zinc arachidate LB film (Bushan et al., 1995). 
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Fig. 7. The structures of CI 8 SAMs and zinc arachidate LB film. Both of the films possess 
long alkyl chains of C18. Reproduced from Bushan et al., 1995. 

It is generally believed that strong affinity of the molecules to the substrate is a basic 
requirement for effective boundary lubrication. For SAMs with similar composition and 
structures, the stronger adhesion is, the better wear-resistance is expected to be achieved. 
For example, the chemisorption of alky lsilane/ alky lthiol on the Si/Au substrate surface is 
realized by Si-O/Au-S covalent bonding, respectively. The bond energy of Au-S is lower 
than that of Si-O (Bushan et al., 2005). Thus, alkylsilane SAMs can withstand higher normal 
loads than the alkylthiol ones with the same alkyl chain and tail group (Bushan et al., 2005; 
Booth et al., 2009). Moreover, the cross-link of head groups may also play an important role 
in stabilizing the SAMs. For instance, owing to the intermolecularly cross-link of Si-O-Si 
between adjacent molecules, n-octadecyltrichlorosilane SAMs (OTS-SAMs, Fig. 8) possess 
much better wear resistance than n-octadecyldimethylchlorosilane SAMs (ODS-SAMs, Fig. 
8) (Booth et al., 2009). However, comparing with alkylthiols, the cross-link of head groups 
causes chain distortion and the lack of long range order in the silane SAMs, both of which 
can serve as the energy-dissipating modes to increase the friction (Lio et al., 1997). 
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Fig. 8. Schematic structures of OTS-SAMs and ODS-SAMs. 
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The influence of alkyl chains 

It has been proved that the frictional behaviors varied significantly with the alkyl chain 
length. SAMs with shorter chain length possesses higher friction coefficient (Xiao et al, 1996; 
McDermott et al., 1997) and lower load affording capability (Xiao et al, 1996; Bushan et al., 
2005). To discover the origin of the chain length dependence, lots of works have been done. 
It is found that the frictional force is proportional to the contact area and shear strength 
(Tsukruk et al., 2001; b, Wang et al., 2005). Due to the loosely packed and disordered 
structures of the SAMs with shorter alkyl chain, on one hand, the contact area increases. On 
the other hand, CH2-CH2 backbones in a loosely packed SAMs are exposed to the AFM tip, 
which increases the van der Waals interaction between the tip and surface and thereby 
enhances the shear strength. So, it can be concluded that the microstructures, i.e., lower 
packing density and substantial disorder in SAMs, are key factors for the higher friction. In 
other words, the shorter chains are apt to form SAMs with more disorders which facilitate 
the energy-dissipation and give rise to a high friction and friction coefficient. The lower load 
affording capacity for the shorter chain SAMs is because that the shorter chains are less 
flexible to tile in response to the applied load (Chandross et al., 2005). 

As the chain length increases to a critical value, the inter-chain attraction is large enough to 
form ordered structures and the chain length dependence is not so distinct. However, as 
discovered by Liu et al, the ultra-high compact density caused by the very long alkyl chain 
could result in a higher friction (Liu et al., 1996). For example, monolayers of 
dieicosyldimethylammonium bromide (Fig. 9, n=20, 22) are believed in a frozen state owing 
to the strong interchain interaction, while it is in a melted state for the molecules with short 
chain of C14. It is acordingly found that the monolayers of C14 yield a lower friction due to 
the compliant of the melted chains. 



H3C \ /^ CH 2)n-1 _ CH 3 

N 

H 3 CX \(CH 2 ) n — CH 3 11=14,16,18,20,22 



Fig. 9. The molecules investigated in the reference of Liu et al., 1996. 

According to above interpretation, it seems that the chain length only has an indirect 
influence to affect the tribological performances by defects. To understand the direct 
correlation more clearly, lots of theoretical simulations have been performed (Chandross et 
al., 2005). It is observed that, for SAMs with no defects, longer chain length can endure 
heavier applied load. This is because that the longer chains are more flexible to tile in 
response to the applied load as compared to shorter ones. Moreover, for well-ordered, fully 
packed SAMs with different chain length of C6, C8 and CI 2, friction coefficient decreases as 
the chain carbon number increasing (Chandross et al., 2005). This is because that the 
effectiveness of stress transmission during sliding is dependent on the chain length-longer 
chains have more contact with neighboring ones. From the above discussions, it can be 
summarized that the frictional behaviors are influenced by the chains length due to the 
formed defects or the intrinsic difference between short and long alkyl chains. 

The influence of tail groups 

The tail groups exposed to the ambient environment have a significant effect on the surface 
nature of SAMs, such as wettability and adhesion (Tsukruk et al., 2001). Generally, the 
adhesion force (Fad) between surfaces includes the capillary force (Fc), van der Waals forces 
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(Fvdw), electrostatic force 
equation (5): 



(Fe), and chemical bonding force (Fg), which is described by 



: Fc + F v dw + Fe + Fb 



(5) 



In ambient air conditions, Fc is proportional to the cosine value of water contact angle (cosd) 
on the surface and takes main contribution to the adhesion. Generally, lower surface energy 
corresponds to a hydrophobic surface, which has a high water contact angle ( lower cosd 
value) and thereby result in a lower Fc and then a lower F a d- In liquid medium, Fc is 
eliminated and the adhesive force between different tail groups can be measured by CFM. It 
is observed that the adhesive forces between -COOH and -CH3 groups are reduced in the 
following order: COOH/ COOH >CH 3 /CH 3 >COOH/CH 3 (Fig. 10a) (Noy et al, 1995). The 
adhesive force difference between COOH/ COOH and CH3/CH3 may be result from the 
item of Fb- Specifically, the COOH polar groups tend to form intermolecolar hydrogen 
bonding to boost the chemical bonding force. Compared with the asymmetric pair of 
COOH/CH3, the adhesive force for CH3/CH3 is higher. This can be explained as follows: 
the adhesive force is the product of tip radius R and adhesive work W st , specifically, 



F ad = i.5xRW st ,(w st =r s + r t -r st 



(6) 



where y s , yt and y st are the surface energy of sample, CFM tip and interface energy between 
them, respectively (Noy et al., 1995; Tsukruk et al., 1998). For the symmetric pair of 
CH3/CH3, the null interface energy y st will result in a higher adhesive work and adhesive 
force. Correspondingly, friction of different pairs are arranged in the same order, viz, 
COOH/ COOH >CH 3 / CH 3 >COOH/ CH 3 (Fig. 10b) 
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Fig. 10. Adhesion and friction for different pairs. Reproduced from Noy et al., 1995. 

Fe is always generated between the charged tip and the charged samples. When tested in 
liquid medium, Fe is dependent on not only the nature of tail groups but also the pH value 
of the aqueous solution (Tsukruk & Blivnyuk, 1998). To be specific, in the pH range of 
pKi~pK2 (pKi and pK2 are the isoelectric points of the sample and the tip, respectively, Fig. 
11), attraction between the tip and sample is generated, which result in a high friction. In the 
cases of pH value lower than pKi or higher than pK2, repulsion and lower friction is 
correspondingly obtained. 

The spatial orientation of the tail groups also has a prominent impact on adhesion and 
friction. For example, an "odd-even" effect is observed for SAMs with same tail groups but 
different CH2 number (odd or even) in the alkyl chain (Chang et al., 1994; Lee et al., 2001; 
Smith & Porter, 1993; Tao, 1993; Wong et al, 1998). As shown in Fig. 12, the spatial 
orientation of the -COOH tail groups are different for the two SAMs with odd or even 
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number of CH2 units. As a result, intra-film hydrogen bonds are produced within a film for 
the pairs of odd-COOH SAMs, while inter-film hydrogen bonds are gegerated between the 
two surfaces for the pairs of even-COOH SAMs. It is then expectedly found that higher 
adhesion and friction were obtained for the pairs of even-COOH surfaces due to the inter- 
film hydrogen bonds. (Kim & Houston, 2000). 




Fig. 11. Expected variation of adhesion-repulsion balance for interacting surfaces with two 
isoelectric points (a), and a scheme of tip/ surface pairs with different surface charge 
distributions and force balances at different pH values (b). Reproduced from Tsukruk & 
Blivnyuk, 1998. 

Based on the surface energy, tail groups of SAMs can be sorted into two categories of polar 
terminal groups (such as -OH, -NH2, and -COOH) with high surface energy and apolar 
terminal groups (such as -CH3 and -CF3) with low surface energy. The SAMs with apolar 
terminal groups generally possess lower surface energy and relatively weak interaction 
between two sliding surfaces, which result in a lower adhesion and less energy loss leading 
to a lower friction force (Liu et al., 1996; Tsukruk et al., 1996; Zhang et al., 2002). However, 
although the surface energy of -CF3 (12.9 mj/m 2 ) is lower than that of -CH3 (~24 mj/m 2 ) 
(Bushan et al., 2005; Luengo et al., 1997), the fluorocarbon SAMs produce higher friction in 
AFM studies (Bushan et al, 2005; Kim et al, 1997; Peach et al, 1996; Houston et al, 2005). 
The unexpected higher friction is attributed to the larger size and higher electronegativity of 
the fluorine atom, which result in two major variations in the surface properties of SAMs 
(Kim et al., 1997). On one hand, the replacement of -CH3 with larger tail groups of -CF3 into 

the close-packed (a/3 x a/3 1 R30° lattice gives rise to increased surface steric interactions. 
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Fig. 12. A schematic representation of the -COOH end group orientations for alkanethiol 
SAMs having both odd and even numbers of methylene groups (a) and the plots of the 
lateral friction force vs. interfacial force for various end-group combinations (b). 
Reproduced from Kim & Houston, 2000. 

During sliding, more energy is imparted to the film to overcome the consequent increased 
steric barriers and then results in higher friction (Kim et al., 1997; Peach et al, 1996). On the 
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other hand, the strong surface dipoles in CF3-teminated monolayer would cause much 
higher attractive force between the AFM tip and the surface of SAMs, and eventually cause 
more energy loss to increase the friction (Houston, 2005). This size effect is also observed 
between the tail groups of -CH(CH3)2 and -CH3 (Kim et aL, 1999) as well as C60, phenyl and 
-CH 3 (Lee et al, 2001). 

2.2 Mixed SAMs 

Co-deposition of molecules with different terminal groups or alkyl chain lengths to form 
mixed SAMs is also extensively studied, which allows an in-depth understanding of the 
relationship between structure and performance of SAMs. Several reports have revealed the 
frictional behaviors of the mixed SAMs derived from akanethiols or alkylsilanes. For 
instance, the mixed monolayers with chemically heterogeneous surface composed of 
mercaptoundecanoic acid (MUA) and dodecanethiol (DDT) or mercaptoundecanol (MUO) 
and DDT have been prepared (Brewer & Leggett, 2004; Beake & Leggett, 1999). SFM tips 
immoblized with COOH or CH3 groups were applied as the probes to investigate the 
tribological behaviors. As shown in Table 1, the adhesion for the symmetric pairs (polar- 
polar or apolar-apolar) is relatively higher, which can be well understood by referring to the 
equation (6), where y st is much lower for the symmetric pairs. The surface composition of 
the mixed SAMs can be reflected by the water contact angle 6. In other words, high fraction 
of polar group-terminated adsorbate (e.g. MUO) will produce a small 6 and high cos0 value. 
The relationship between friction coefficient and cos6 is depicted in Fig. 13. It can be seen 
that, when COOH tip is applied, friction coefficient increases with increasing the cos0 (i.e., 
increasing the MUO fraction). Correspondingly, when CH3 tip is applied, friction coefficient 
increases with decreasing the cos# (i.e., increasing the DDT fraction). It is therefore 
concluded that the friction coefficient increases due to the enhanced interaction of the 
symmetric tip-sample pairs. 



Sample 


Tip 




COOH 


CH 3 


CH 3 


0.57±0.17; 0.58±0.26 


1.2±0.54 


COOH 


1.6±0.41; 2.1±0.85 


0.78±0.26 


OH 


1.9±0.34 


0.76±0.20 



Table 1. Mean adhesion forces (nN) in ethanol between different tip-sample pairs. Obtained 
from Beake & Leggett, 1999. 

When a non-modified Si3N4 tip was applied to investigate the tribological behaviors of 
MUA/ DDT mixed SAMs, friction force increased with increasing the relative amounts of 
MUA in the mixed SAMs (Fig. 13c). This attributes to that higher MUA fraction raises the 
interaction between the scanning tip and the mixed SAMs, eventually increasing the energy 
dissipation and friction. 

Studies on comparing the tribological properties of one-component SAMs with mixed ones 
are also performed. As revealed by Whitesides et al., mixed SAMs composed of 
octadecanethiol (ODT) and dodecanethiol (DDT) on Au substrate exhibit higher friction 
than one-component SAMs (Fig. 14a) (Bain & Whiteside, 1989). Such difference is attributed 
to the different structures of the two SAMs. I.e. the one-component SAMs is well-ordered, 
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Fig. 13. The molecular structures of ODT, MUO, and MUA and the functionlized tips used 
to determine the tribological properties of the mixed SAMs (a); Friction coefficient as a 
function of cosfl for carboxylic acid-terminated tips and methyl-terminated tips (b); 
Correlation of relative friction coefficient with cosine of the water contact angle for mixed 
MUA/ DDT monolayers (c). Reproduced from Brewer & Leggett, 2004 (b) and Beake & 
Leggett, 2000 (c). 

while the mixed SAMs possess an outer region with disordered structure (Fig. 14b), which 
would increase the tip-sample interaction greatly and therefore producing a higher friction. 
However, a different tribological phenomenon has been observed for the mixed SAMs of 
alkylsilanes with different chain lengths on Si wafer. The friction for the mixed SAMs is 
lower than that of one-component SAMs. It is explained that the better lubrication 
performance of the mixed SAMs is attributed to the higher mobility of the tethered 
molecules in the monolayers, which can be evidenced by the much shorter relaxation time 
than that of one component SAMs (Zhang & Archer, 2003; Zhang & Archer, 2005). 



a 







Au substrate 



Fig. 14. Variation in relative friction coefficient with composition of mixed DDT/ ODT 
monolayers (a); Structures of the mixed monolayers (b). Reproduced from Beake & Leggett, 
2000 (a) and Bain & Whiteside, 1989 (b). 



3. SAMFs 

3.1 Functional group embedded SAMFs 

As a potential lubricant in MEMS/NEMS, SAMs can reduce the adhesion and friction 
greatly. However, the load-carrying capacity of SAMs is relatively low, which significantly 
limits its service life. A promising way to further ameliorate the tribological behaviors of 
SAMs, especially the load-carrying capacity, is to enhance the stability of the films. It is 
revealed that the SAMFs with synergetic components generally exhibits longer anti-wear 
life (Ren et al., 2003; Ren et al., 2004; a, Song et al., 2008). The reason for the enhanced wear 
resistance is ascribed to the special structures of the SAMFs. Generally speaking, there are 
two approaches to construct SAMFs with unique structures, viz, one-step assembling and 
multi-step assembling. As to the one-step process, the pre-designed target precursors are 
assembled onto the substrate (Tarn-Chang et al., 1995; Clegg & Hutchison, 1999; Clegg et al., 
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1999; Song et aL, 2006; Chambers et aL, 2005); The multistep method involves common self- 
assembling and subsequent interface chemical reaction (Ren et al, 2003; Jiao et aL, 2006). In 
most cases, the synthesis and the succedent purification for precursor molecules are too 
difficult to perform. So, compared to the one-step method, the stepwise strategy is more 
suitable to construct SAMFs with unique molecular architectures. 

For SAMFs, the attachment to the substrate and the tail groups exposed to the ambient 
environment remain almost the same with SAMs. The most dramatic difference is related to 
the bulk chain. Specifically, the attraction between adjacent alkyl chains of normal SAMs is 
the weak van der Waals force. Within SAMFs, the inter-chain interaction is enhanced by 
functional groups, such as diacetylene (Mowery et aL, 1999), peptide (Clegg & Hutchison, 
1996; Sabapathy et aL, 1998), and sulfone (Evans et aL, 1991). It is hypothesized that the 
functional groups interact laterally taking the form of hydrogen bonding, dipole interaction, 
n-stacking, or covalent attachment, which are able to influence the integrity, stability and 
the tribological performances of the film (Ren et aL, 2003; a, Song et al, 2008). 



JLh + Q-N=C= N -Q 

DCCD 

q 

6 



PEI or APTES Surface 






STA-PEI or STA-APTES Fi 




C 2 

I- 



APTES STA-APTES 




Fig. 15. Generation of an STA monolayer on PEI or APTES coated Si surface by chemical 
adsorption in the presence of N,N'-dicyclohexylcarbodiimide (DCCD) as a dehydrating 
agent in the reacting solution (a); Tribological behaviors of STA-PEI (b) and STA-APTES (c). 
Reproduced from Ren et aL, 2004 (a, b), and Ren et aL, 2003 (c). 

To obtain nano film with promising application in the lubricant system of MEMS/NEMS, 
much effort in our group has been paid to construct a series of SAMFs with improved 
tribological properties better than SAMs. For example, taking advantage of amidation 
reaction between carboxyl (-COOH) and amine (-NH2) groups, SAMFs consisting of 3- 
aminopropyl triethoxysilane (APTES) (Ren et aL, 2003) or polyetherimide (PEI) (Ren et aL, 
2004) underlay er and stearic acid (STA) outerlayer has been prepared (Fig. 15a). The as- 
obtained SAMFs of STA-APTES and STA-PEI strongly attach to the substrate and possess a 
hydrophobic surface and a flexible alkyl chain outerlayers, which make them exhibiting 
excellent adhesion resistance and low nano-friction (Fig. 15b, c). Moreover, the interaction 
between adjacent chains intensified by the hydrogen bonding is assumed to be responsible 
for the improved wear resistance. Comparing with OTS-SAMs, the STA-APTES and STA- 
PEI SAMFs show much better load carrying and anti-wear capacity, demonstrating that the 
tribological properties of self-assembled films can be greatly improved by controlling the 
chemical structure and composition of the SAMFs. 

To investigate the influence of underlayer structures on tribological properties, a 
systematical research has also been done in our group (b, Song et aL, 2008). It is found that 
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the structures of underlay er have a great effect on the frictional behaviors. Specifically, 
SAMFs with different underlayers of APTES, N-[3-(trimethoxylsilyl)propyl]ethylenediamine 
(DA) or N-[3-(trimethoxylsilyl)propyl]-diethylenetriamine (TA) and indentical outerlayer of 
lauroyl chloride (coded as C12) have been constructed via amidation reaction (Fig. 16). As 
attenuated total reflection-Fourier transform infrared spectrometry (ATR-FTIR) analyses 




Fig. 16. Schematic structures of TA-C12, DA-C12, and APTES-C12 SAMFs. 

indicated, the packing density of the as-prepared films follows the order DA-C12> TA-C12 > 
APTES-C12. The higher packing density of DA/TA-C12 is due to their longer chains of the 
underlayers. Even though TA has a longer molecular chain, TA-C12 is slightly less ordered 
than DA-C12, which is probably due to one more -CH2CH2NH- unit contained in the chain 
of TA (one more -CH2CH2NH- means that more random intermolecular hydrogen bonds 
could be formed between TA molecules). The lower packing density of APTES-C12 results 
in higher friction coefficient, both in nanoscale and macroscale. 

In the above cases, the lateral interaction between adjacent chains is the weak hydrogen 
bonding. Zhao et al have constructed a triple-layer film (abridged as GAO) with lateral 
covalent network structures, which is composed of OTS outerlayer, APTES interlayer and 3- 
glycidoxypropyl-trimethoxysilane (GPTMS) underlay er (Zhao et al, 2009). The structure of 
the triple-layer film is depicted in Fig. 17a. It is belived that the APTES molecule serves as 
the linkage to combine the GPTMS with OTS. Specifically, the amine groups of APTES can 
react with the tail groups of GPTMS-SAMs and the hydroxyl groups formed by the 
hydroxylation are served as the active points to induce the self assembling of OTS 
molecules. The as-constructed film shows much better wear resistance as compared with 
OTS-SAMs, which is ascribed to the lateral Si-O-Si network structures (Fig. 17b). 



3.2 Polymer SAMFs 

The polymer nano-film with cross-linking network structures can sustain high compression 
and shear stress (Tsukruk et al., 1999; Luzinov et al., 2000; Luzinov et al., 2001; Maeda et al., 
2002). So, polymeric thin film has been used as boundary lubricant coating in many fields 
including MEMS/NEMS, artificial joints, and computer hard disks, etc. However, physically 
adsorbed polymer films are easily peeled off during friction. Recently, there are two ways to 
construct chemically tethered polymer SAMFs, viz, " grafting to" or " grafting from" 
approaches. In a " grafting to" approach, the presynthesized end-functionalized polymer 
molecules react with a certain substrate to form polymer brushes. For example, a copolymer 
of poly[styrene-b-(ethylene-co-butylene)-b-styrene] (coded as SEBS) functionalized with 2% 
maleic anhydride into the hydrocarbon chains was assembled onto the surface of epoxy- 
terminated monolayer (Fig. 18a-d) (Luzinov et al., 2001). The as-fabricated films possess low 
friction coefficient, modest adhesion, low stiction, and good wear stability. To further 
improve the wear resistance, a SAMF with trilayer sandwiched architecture have been 
constructed (Fig. 18e, f) (Sidorenko et al., 2002). As expected, the anti wear life is much 
longer than epoxy composite layer (Fig. 18f). 
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Fig. 17. Schematic structure and the strategy employed to prepare GAO triple-layer film (a); 
Variation in friction coefficient with time for OTS monolayer and GAO triple-layer film (b). 
Reproduced from Zhao et al., 2009. 





Fig. 18. Chemical (a) and schematic (b) structure of SEBE; SEBS layer with disordered 
structures and a thickness<2.5 nm (c); SEBS layer with nanodomain morphology and a 
thickness>2.5 nm (d); Architecture of sandwiched trilayer (e); Friction coefficient versus the 
number of reciprocal sliding runs for different samples (f). Reproduced from Luzinov et al., 
2001 (a-d) and Sidorenko et al, 2002 (e, f). 

However, few species of polymers can be immobilized onto the surface by " grafting to" 
approach due to the following two considerations (Zhao & Brittain, 2000). On one hand, it is 
difficult to synthesis polymer with functional anchoring groups. On the other hand, the as- 
synthesized polymer has complicated chain structures, which result in a low grafting 
density and thick film thickness. To circumvent this problem, "grafting from" approach has 
been proposed to prepare relatively thicker polymer brush with a higher grafting density. A 
representative "grafting from" approach, also called surface initiated polymerization (SIP), 
includes steps of introducing initiators on the substrate surface and succedent in-situ 
polymerization. Generally speaking, the immobilization of initiators is achieved by forming 
initiator-containing SAMs on the substrate. For instance, Takahara et al has prepared 
covalently tethered poly(methyl methacrylate) (PMMA) brushes on the Si wafer 
immobilized with an initiator SAMs of 2-bromoisobutylate moiety, abridged as DMSB (Fig. 
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19a) (Sakata et al., 2005). Compared with the spin-coated PMMA film, the self-assembled 
PMMA brush is found possessing much better wear resistance (Fig. 19b). However, this 
kind of initiator with complex molecular structure is also difficult to synthesis. Zhou et al. 
has developed a novel and much easier strategy to prepare PMMA film with comparable 
thickness based on the surface radical chain-transfer reaction (Zhou et al., 2001). The basic 
strategy of this novel process is depicted in Fig. 19c. It is clearly shown that, during this 
simple SIP process, the Si substrate was pre-modified by a SAMs of 
mercaptopropyltrimethoxylsilane (MPTES) rather than the complex initiators. As revealed 
by Yan et al, polystyrene (PSt) film can also be prepared by the same procedure (Zhao et al., 
2008). The covalently tethered PSt film showed excellent scratch and adhesion resistance 
(Fig. 19d). 
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Fig. 19. The synthesis of DMSB and the PMMA brush (a); Friction coefficient versus sliding 
time for PMMA brush and cast film under a load of 0.49 N at a sliding velocity of 90 
mm/min in air (b); A simple strategy to prepare PMMA and PSt brush (c); (d) Adhesion and 
scratch resistance of the PSt brush. Reproduced from Sakata et al., 2005 (a, b), Zhou et al., 
2001 (c) and Zhao et al, 2008 (c, d). 
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Fig. 20. A schematic view for the formation and combination bonding of the 3-layer film on 
silicon wafer (a); The nano- and macrotribological behaviors of different samples (b). 
Reproduced from Ou et al., 2009. 

Recently, inspired by the "structure-property" correlation of SAMs, a robust polymer-based 
film has been constructed in our group by adopting APTES-SAMs as "headgroup", 
polydopamine (PDA) as "bulk chain", and stearoyl chloride SAMs as "tailgroup" (Ou et al., 
2009). The in-situ polymerization of PDA on the APTES-SAMs surface is more like "grafting 
from" approach. The inherent special chemical structure, viz, the high adhesion to the 
substrate, the covalent combination between adjacent layers, the cross-linked PDA, as well 
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as the hydrophobic and flexible C18 chain, takes main responsibility for the enhanced load- 
carrying capacity and lengthened anti-wear life (Fig. 20). 

4. SAIFs and SAO-ICFs 

Zirconia (ZrCh) and ZrC>2 based nanocomposite film is a popular candidate for lubricant 
coating in nano-devices. Several different methods, such as physical vapor deposition and 
plasma spraying, have been established to prepare ZrC>2 based nanocomposite film (Pakala 
et al., 1997). High quality films with uniform structure, good compactness and high 
adherence to the substrate can be obtained by these techniques. However, some strategies 
need large apparatus and are high energy-consuming. Therefore, lots of efforts have been 
made to develop novel and feasible technique for deposition of ZrC>2 nanofilm and ZrC>2 
based nanocomposite film. Among these researches, aqueous deposition onto SAMs with 
particular functional tail groups, such as -SO3H (Wang et al., 2004; Wang et al., 2005; 
Zlotnikov et al, 2008), -PO(OH) 2 (Zhang et al, 2006) and -OH (Ou et al, 2001), are studied 
intensively. For example, Wang et al. have prepared a crystalline ZrCVSAIFs on the Si 
substrate mediated by a sulfonated MPTES-SAMs (Fig. 21a) (Wang et al, 2004; Wang et al, 
2005). As experimental results shown, the as-deposited ZrCVSAIFs is characterized by poor 
mechanical and tribological behaviors (Fig. 21b), which may be ascribed to the loose-packed 
structures caused by defects. Fortunately, it is found that a simple post-annealing (Fig. 21b) 
(Wang et al., 2005) or a unique preparation process with high pressure (Fig. 21c, d) (Zhang 
et al., 2006) can ameliorate the mechanical and tribological properties effectively. 
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Fig. 21. Schematic of growth of ZrC>2 thin film on SAMs in aqueous medium (a); Friction 
coefficients as a function of sliding cycles at a load of 0.5 N (b); Mechanical properties of the 
Zr02 films prepared with a hydrothermal process at 135 °C, ~5 atm, for 24 h, as compared to 
those prepared with no pressure (c, d). Reproduced from Wang et al., 2004 (a), Wang et al., 
2005 (b) and Zhang et al, 2006 (c, d). 

To prepare ZrC>2 based SAO-ICFs, layer-by-layer (LbL) assembly technique is often applied. 
Generally speaking, LbL technique is based on sequential adsorption of oppositely charged 
materials, such as polyelectrolytes and inorganic nanomaterials. For example, Claus et al 
have obtained a super hard ZrC>2/PSS SAO-ICFs by a LbL process which is based on the 
electrostatic interaction between Zr02 nanoparticles (positive charged) and PSS (negative 
charged) (Fig. 22) (Rosidian et al, 1998). 

However, this electrostatic LbL technique is confined to the charged materials. To expand 
the appliction of the LbL, a novel non-electrostatic layer-by-layer (NELbL) assembly 
technique has been invented in our group (Ou et al., 2010). The newly-reported PDA is 
served as the building block for its special nature, viz, high adhesion to almost all surfaces 
and the active surface with functional groups (such as -OH and -NH2). As schematically 
illustrated in Fig. 23, PDA can be chemically grafted onto the amine groups of APTES-SAMs 
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Fig. 22. The molecular structures of PAH, PSS and PS119 (a); Schematic of multilayer 
fabrication of Zr0 2 /PSS SAO-ICF (b). Reproduced from Rosidian et al, 1998. 

(Fig. 23, Process II) or hydroxyl groups of Zr0 2 film (Fig. 23, Process IV). Besides, the Zr0 2 
clusters formed in the Zr(S04) 2 solution can deposit onto the PDA surface via chelation (Fig. 
23, Process III). Thus, the sequential deposition of Zr0 2 and PDA can present a novel non- 
electrostatic strategy to construct Zr0 2 /PDA SAO-ICFs. The microhardness and elastic 
modulus of the annealed 15-cycle Zr0 2 /PDA film are measured to be as high as 24.10 and 
250 GPa, respectively. This microhardness is comparable with that of Zr0 2 /PSS SAO-ICF 
(25.13 GPa) (Rosidian et al., 1998). The outstanding mechanical properties of the Zr0 2 /PDA 
SAO-ICFs can be ascribed to the in-suit deposition and organic-inorganic hybrid 
microstructures (Ou et al., 2001). 
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Fig. 23. A schematic view for constructing Zr0 2 /PDA SAO-ICFs. Reproduced from Ou et 
al.,2001. 

5. Conclusion 

Based on the above discussions, it can be obtained that the tribological behaviors of SANFs 
are mainly structure dependent. Namely, the interfacial and interfilm interaction is 
supposed to influence the tribological properties of the prepared SANFs. With the efforts of 
many researchers, principal dependence between tribological performance and different 
parts of SAMs, viz, head/ tail groups and bulk chains, has been proposed. This can be a 
basic understanding for us to investigate more complicated systems, such as SAMFs, SAIFs 
and SAO-ICFs. It is expected that the extracted // structures-properties ,/ correlation can serve 
as the guidance to direct the further designing of lubricant coatings for MEMS/NEMS and 
other devices in molecule-level. 
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1. Introduction 

1.1 Surface analyses of tribological surfaces 

It is well understood that lubrication modes can be classified into three categories. Under 
hydrodynamic conditions, two rubbing surfaces are ideally separated by liquid film derived 
from lubricating oil. Therefore, the surface chemistry of the rubbing parts is of less 
importance. When the operational conditions become severe, for example, under conditions 
of increased load, the rubbing surfaces come in contact. This is defined as the boundary 
lubrication condition. Under these conditions, the properties of solid surfaces are important. 
There is an intermediate mode between hydrodynamic lubrication and boundary 
lubrication; namely mixed lubrication. Direct interaction between surfaces may occasionally 
take place under these conditions. Tribo-chemistry controls the performance of mixed 
lubrication and boundary lubrication conditions [1]. 

Challenges to understanding the surface chemistry of rubbed surfaces by tribologists using 
instrumental analyses started as early as the 1960s. Tribo-active elements such as 
phosphorus and sulfur were found by electron-probe microanalysis (EPMA) of rubbed 
surfaces lubricated with mineral oil containing additives [2]. These reports clearly support 
the tribo-chemical reaction of anti-wear and extreme pressure additives (AW/EP). In the 
1970s, Auger electron spectroscopy (AES) was introduced as a more surface sensitive tool in 
tribology [3]. EPMA and AES are frequently applied in tribo-chemistry as useful tools. 
However, these instrumental analyses are elemental analyses of solid surfaces that identify 
only the elements that exist on the surfaces. 

When FeS, FeS2, and FeS04 were analyzed, EPMA and AES detected sulfur in the sample 
but could not identify the chemical states of the sulfur found. X-ray photoelectron 
spectroscopy (XPS) provides different chemical shifts between iron sulfide (FeS) and iron 
sulfate (FeS04) in S 2p spectra [4]. X-ray absorption near edge structure (XANES) identifies 
iron monosulfide (FeS) and iron disulfide (FeS2) [5]. These surface analyses mainly detect 
inorganic compounds. Although carbon is detectable, chemical resolution of carbon by these 
tools is not always sufficient for identifying the structure of organic compounds in detail. 
SIMS has been introduced as another surface sensitive instrumental analysis in tribology [6]. 
Contrary to AES, EPMA, XANES, and XPS, SIMS does not provide any chemical 
information regarding the sample directly [7]. It provides the molecular weight of 
substances that exist on surfaces. On the other hand, it detects all substances that can be 
ionized by a primary ion. Both organic and inorganic compounds can be analyzed by SIMS. 
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Therefore, it is a potentially versatile tool for tribo-chemistry in which organic compounds 
are the major contents in lubricants. One of the most important features of SIMS, and the 
main subject of this work, is to detect elemental isotopes. The principle of SIMS analysis is 
described in detail in the following section. 

Nomenclature 



Abbreviation 


Description 


AW/EP 


anti-wear agents and extreme pressure additives 


C 18 NH 2 


octadecylamine, C 18 H 37 NH 2 


C 18 OH 


octadecyl alcohol, C 18 H 37 OH 


D 


deuterium, 2 H 


DLC 


diamond like carbon 


GMO 


glycerol monoleate, 2,3-dihydroxypropyl 9(Z)-octadecenoate 


m/z 


mass to charge ratio 


OA-D35 


perdeuterio-octadecanoic acid, C 17 D 35 COOH 


OA-H35 


octadecanoicacid, C 17 H 35 COOH 


PAO 


poly(alpha-olefin) 


SIMS 


secondary ion mass spectroscopy 



1.2 Application of isotopes in tribo-chemical investigation 

Isotopes are defined as elements that have the same atomic number but have different mass 
numbers [8]. For example, hydrogen has three isotopes; they are protium ^H, usually 
expressed as H unless otherwise stated) having the mass number of 1, deuterium ( 2 H, 
usually abbreviated as D) having the mass number of 2, and tritium ( 3 H, usually abbreviated 
as T) having the mass number of 3. The difference in mass number is attributed to the 
difference in the number of neutrons in the nucleus (Figure 1). Among the three isomers, 
protium and deuterium are stable isotopes and tritium is a radioactive isotope. Usually, 
isotopes behave chemically in a similar manner. Therefore, they can be used as tracers in 
chemical processes if they were effectively detected. Radioactive isotopes are easy to detect 
using a Geiger counter, even if a small amount exists in the sample. Taking advantage of 
this high detectability, radioactive isotopes were applied in tribo-chemistry of AW/EP 
additives before surface analyses were introduced. For example, 35 S-labeld organic sulfides 
were employed as AW/EP additives in mineral oil. Radiation from solid surfaces was 
detected after rubbing with the labeled lubricants. These results clearly indicate that tribo- 
chemical reactions of sulfur occurred during rubbing [9]. However, radioactive isotopes are 
considered to be biological hazards and are difficult to handle. Another limitation of this 
technique is that it provides merely elemental analysis of surfaces. Therefore, radioactive 
isotopes are not frequently applied in tribo-chemical investigation. 
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protium, M = 1 
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protium, M = 2 
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Fig. 1. Schematic model of hydrogen isotopes 

Stable isotopes exist everywhere and are not considered to be biological hazards. For 
example, hydrogen is comprised of 1 H and D, and the latter is the minor isotope found in 
nature. Also carbon is comprised of 12 C and 13 C, where the later is the minor component 
(Table 1). High resolution instrumental analyses such as mass spectroscopy can detect and 
identify these minor isotopes. This led us to expect that additive molecules, which are the 
minor component in lubricants, could be detected by identifying stable isotopes. In this 
concern, model lubricants that are enriched with minor isotope (s) (D or 13 C) would improve 
the detectability of a target molecule by instrumental analyses. 



Element 


Isotope 


Mass 
number 


Numbers of 


Abundance, 
atom% 


proton neutron 


Hydrogen 


1 H 


1 


1 


99.985 


2 H 


2 


1 1 


0.015 


Carbon 


12 C 


12 


6 6 


98.9 


13 C 


13 


6 7 


1.10 


Oxygen 


16 Q 


16 


8 8 


99.76 


17 


17 


8 9 


0.04 


18q 


18 


8 10 


0.20 



Table 1. Natural abundance of isotopes for hydrogen, carbon, and oxygen 
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1.3 Principle of SIMS analysis 

SIMS consists of mass spectroscopy that measures the weight of the molecules in a sample. 
However, we cannot measure the weight of molecules directly even using an ultra high 
sensitive balance. Note that the weight of one molecule of water is as light as 3 x lO 23 g. 
Instead, mass spectroscopy measures the weight of ions. That is, mass spectroscopy ionizes 
a molecule in a sample followed by separation of generated ions according to m/z. 
Understanding of the ionization process of a sample is key to successful analysis. In SIMS, as 
schematically illustrated in Figure 2, irradiation of a primary ion such as Ga + , Au + , Bi + to the 
target molecule yields secondary ion(s). If the molecule was simply ionized by exchanging 
electron(s) with the primary ion (without scission of any chemical bond existing in the 
molecule) this process yields molecular ion [M] + or [M]-, where M is the formula weight of 
the sample molecule. This gives a signal of m/z M in the mass spectrum. Most organic 
compounds contain C-H bonds. For these compounds, scission of a C-H bond usually 
occurs during the ionization process. If a proton (H + ) migrated from the original molecule, it 
yields an [M-H]- ion, which causes the loss in the formula weight by one. By contrast, if 
hydride (H~) migrated, it results in a [M-H] + ion. Since the mass number of hydrogen is 1, 
the migration process gives m/z M-l and m/z 1 in the mass spectrum. The migrated proton 
or hydride are active species and they react with the original molecule that yields [M+H] + or 
[M+H]-, respectively. Therefore, the ion of m/z M+l is frequently found in the mass 
spectrum of organic compounds. In mass spectroscopy, [M] + and [M]- ions are defined as 
molecular ions. Similarly, [M-H]-, [M-H] + , [M+H] + , and [M+H]- are defined as quasi- 
molecular ions. These ions are used to identify the sample by its formula weight. 




Molecular ion 



sample 



9 hydrogen 

W carbon [M-H] Fragment Ions 

9 oxygen 

Quasi-molecular ions 

Fig. 2. Generation of secondary ions and the fragmentation in SIMS 
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Scission of C-C bonds or other bonds (such as C-O) also happens during the ionization 
process. As a result, the C-C skeleton is destroyed to several moieties. This is defined as 
fragmentation that yields fragment ions (for example, [fl]-[f5] in Figure 2). The 
fragmentation is a multistep process; it proceeds further and finally yields atomic ions (for 
example, [A1]-[A3] in Figure 2). Thanks to the fragmentation of molecule, mass 
spectroscopy is able to identify atoms that exist in the sample as well as partial structures 
and functional groups present in the molecule. However, the fragmentation is usually a 
complicated process. Patterns of fragmentation for typical compounds are available on a 
database [10]. However, this approach seems insufficient for tribology because tribo- 
chemistry deals with a complex mixture as lubricants. One of the solutions to this problem is 
to compare the mass spectrum of sample with that obtained from the authentic sample(s). 
A quantitative analysis is possible by SIMS according to the intensities of the ions. For this 
purpose, the conversion of ionization influences the reliability of the results. Some molecule 
or moieties therein easily ionize, but others do not. For example, organofluorides provide 
high intensities of fluorine-containing fragments, according to our experience. Sources of 
primary ions and their energy are the important factors for quantitative analysis in SIMS. 
As already mentioned, SIMS does not provide chemical information of samples directly, but 
provides only the weight of ions. For example, octadecanoic acid (stearic acid, Q7H35COOH), 
which is a well studied model friction modifier, provides m/z values of 283 and 285 as quasi- 
molecular ions in the mass spectrum. Hydrocarbons that have C21H32 moieties are able to 
provide m/z 283 and 285 as fragment ions. They yield the same quasi-molecule ions in the 
m/z spectrum. As a result, there are several possible chemical structures that meet the value of 
m/z. Careful study of the mass spectrum according to the fragmentation of the sample 
molecule is the usual method in SIMS to identify a molecule. However, tribology deals with 
complicated mixtures of additives as a solution in base oils. Since the fragmentation of each 
compound is also complicated, as discussed above, SIMS of tribological surface usually results 
in a chaotic spectrum. Therefore, novel techniques are highly desired for tribo-chemical 
research. Taking these fundamental aspects into account, we were inspired to use stable 
isotopes for tribo-chemistry. Stable isotopes usually behave in a similar manner chemically. 
Synthesis of model lubricant molecule that labeled with stable isotope(s) is possible. SIMS can 
trace the molecule during tribological processes by paying attention to the isotopes. This idea 
provides simple and clear results through the tribo-chemical process. 

2. SIMS study of lubricants on surfaces 

2.1 Monomolecular layer on nonrubbed surface [11] 

Straight-chain fatty acids such as octadecanoic acid are one of the best studied friction 
modifiers. They reduce the friction between steel/ steel contacts when they are added to 
hydrocarbon oils. The formation of densely packed, well-oriented adsorption films had been 
widely accepted as their lubrication mechanism [12]. In fact, the monomolecular layer of 
octadecanoic acid deposited on flat metal surfaces provided low friction [13]. 
This work began with the simple comparison of the SIMS spectrum of natural octadecanoic 
acid (C17H35COOH, OA-H35) and deuterio-labeled octadecanoic acid (Q7D35COOH, OA- 
D35). Thus, the monomolecular films of OA-H35 and OA-D35 were deposited on the Si(100) 
surface by means of the Langmuir-Blodgett trough [14]. Surface coverage by the adsorbed 
area was measured by the surface force. As shown in Figure 3, both OA-H35 and OA-D35 
provided similar monomolecular films. The SIMS spectrum of OA-H35 (formula weight of 
284) deposited on the surface is shown in Figure 4. Quasi-molecule ions at m/z 283 and at 
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Fig. 3. Diagram of molecular area and surface pressure during the preparation of 
monomolecula film from octadecanoic acids 
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Fig. 4. SIMS spectra of OA-H35 on the Si surface (m/z 270-300) 
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m/z 


Relative 
intensity, - 


284 


100 


285 


20 


286 


2.4 


287 


0.17 



Table 2. Intensity of molecular ions derived from octadecanoic acid; calculation based on the 
natural abundance of isotopes 

285 that correspond to the [M-H]- and [M+H] + ions respectively were found with high 
intensities. In addition to these ions, strong signals for negative ions at m/z 284 and positive 
ions at m/z 286 were also found. These ions are reasonably explained by natural isotopic 
abundance, as shown in Table 2. Also this table indicates quasi-molecule ions of small 
signals at m/z 285 in the negative spectra and at m/z 287 in positive spectra. 
The SIMS spectrum of OA-D35 (formula weight of 319) provided quasi-molecular ions at 
m/z 318 in the negative spectra and at m/z 321 in the positive spectra (Figure 5). It is 
interesting that the m/z of the positive quasi-molecule increased by two from the formula 
weight of the original molecule, while the m/z of negative quasi-molecular decreased by 
one from the formula weight of the original molecule. These results can be explained by the 
mechanism of fragmentation as shown in Figure 6. The migration of the acidic proton 
(hydrogen in COOH group) from the original carboxylic acid yields a carboxylate anion, 
which corresponds to a negative quasi-molecular fragment ion [M-H]- and a proton H + 
(path A in figure 6). The protonation of the original carboxylic acid (coordination of COOH 
to the proton) yields an oxonium type cation, which corresponds to a positive quasi- 
molecular fragment ion [M+H] + (path B in Figure 6). Not only the acidic hydrogen but also 
the hydrogen of the alkyl group migrates during the fragmentation process. This process 
with OA-D35 yields a deuterium cation (D + ) with the mass number of two. Then the 
coordination of the original acid to the deuterium cation yields an oxonium type cation, 
which corresponds to a positive quasi-molecular fragment ion [M+D] + (path C in Figure 6). 
Therefore, the increase in m/z by two for quasi-molecular ions can be applied as a 
fingerprint of deuterium labeled compounds. 

Further fragmentation yields atomic ions and small size fragment ions. Figure 7 shows 
positive mass spectra of m/z from 1 to 20. The reference OA-H35 provided fragment ions of 
m/z 1, 12, 13, 14, and 15, which correspond to H, C, CH, CH2, and CH3, respectively. 
Obviously, OA-D35 provided different mass spectrum from that of OA-H35: m/z values of 
1, 2, 12, 14, 16, and 18, which correspond to H, D, C, CD, CD2, and CD3, respectively. A 
considerable intensity of H at m/z 1 was observed in the mass spectra of OA-D35. A 
plausible explanation is the high conversion of ionization of the acidic proton in OA-D35. 
This also explains the considerable high intensity of [M+H] + quasi-molecular ions in the 
mass spectra of OA-D35. 
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Fig. 5. SIMS spectra of OA-D35 on the Si surface (m/z 310-340) 
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Fig. 7. SIMS spectra of OA-H35 and OA-D35 on the Si surface (m/z 0-20) 



2.2 SIMS analysis of rubbed surface covered with monomolecular film [15] 

A sapphire ball was slid against a monomolecular film of OA-D35 on a flat Si surface for 50 s 
at a load of 40 mN. Then, chemical mapping around the rubbed surface was obtained, as 
shown in Figure 8. The intensity of m/z 28 (Si) increased whereas that of m/z 2 (D) 
decreased after the tribo-test. Also, the intensity of m/z 27 (Al) increased to some extent. On 
the ball surface (Figure 9), the intensity of m/z 2 increased and that of m/z 27 decreased. 
These results can be explained by the removal of the monomolecular film from the flat 
surface by rubbing. This results in the exposure of Si, which is the base material of the flat 
surface. The transfer of OA-D35 (removed from the monomolecular film) onto the ball and 
the transfer of aluminum containing material (worn off from the ball) onto the flat surface 
took place by rubbing. Changes in surface chemistry by rubbing were also studied by 
quantitative analysis of the flat surface across the wear track. The intensity of m/z 2 and 28 
inside the wear track are clearly different from those outside the wear track. The intensity of 
m/z 27 inside the wear track slightly increased. 

AFM (atomic force microscope) analysis of flat surface around the wear track indicates the 
differences in the height between the outside and inside of the wear track is approximately 2 
nm (Figure 10). Since the molecular size of OA-H35 is 1.8 nm in length, the AFM analysis 
supports the removal of the monomolecular film from the Si surface. There was a border 
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Fig. 8. Chemical mapping of the silicon-flat obtained by SIMS (rubbed against a sapphire- 
ball for 50s) 
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Fig. 9. Chemical mapping of the sapphire-ball obtained by SIMS (rubbed against the silicon 
surface for 50 s) 
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Fig. 10. Profile of the silicon-flat obtained by AFM (rubbed against a sapphire-ball for 50 s) 

area between the inside and outside of the wear track. This area is characterized by its 
considerable height. We are greatly interested in the chemistry of the border area. However, 
AFM cannot detect any differences in the chemistry of the sample. Unfortunately, the spatial 
resolution of the SIMS apparatus employed in this work was not sufficient for the small 
sample area. Wear particles from the tribo-materials and removed OA-D35 might have 
accumulated during the tribological process. Anyway, we can detect changes in chemistry 
by rubbing using deuterium labeled lubricant and SIMS analysis of the resultant surface. It 
should be noted that evidence of wear down to the nanometer level was detected by this 
technique. 



2.3 Influence of tribo-material on the durability of monomolecular films 

Steel, sapphire, and glass balls were slid against a silicon surface covered with a 
monomolecular film of OA-D35. The influences of the ball material on the lifetime of the 
monomolecular film were observed obviously, as shown in Figure 11. The friction force of 
the steel ball rose within the test duration of 100 s (2000 cycles). A sapphire ball provides a 
longer lifetime, approximately 2,100 s. A glass ball provided an excellent lifetime of more 
than 10,000 s [16]. The glass ball provided a low friction coefficient of approximately 0.06 
throughout the tribo-test. The results can be explained by low contact pressure (0.62 GPa for 
the steel ball, 0.71 GPa for the sapphire ball, and 0.47 GPa for the glass ball) and the good 
affinity of the carboxylic acid for the ball material. The steel ball also provided a low friction 
coefficient of 0.06 at the steady state, but the duration was short. The sapphire ball gave a 
higher friction coefficient in the range of 0.07-0.09. A slight increase in friction during the 
test with sapphire was observed. 

The results of surface analyses suggested the role of the transferred acid onto the ball 
surface from silicon surface. Pretreatment of the steel ball was conducted to examine the 
lifetime of the monomolecular film. A fresh ball was rubbed against the monomolecular film 
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Fig. 11. Effect of the ball material on the durability of the monomolecular film 
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Fig. 12. Effects of pretreatment of the ball surface on the durability of the monomolecular film 

deposited on the Si for 10 s (200 cycles). Since the lifetime of the combination of the steel ball 
and the monomolecular film was 95-130 s (Figure 12), the pretreatment was finished within 
the lifetime of the monomolecular film. Then, the pretreated ball was slid against a new 
track on the silicon surface. The pretreatment resulted in 50% -300% improvement in the 
lifetime [16]. Both surfaces were covered with OA-D35 if a pretreated ball was slid on a new 
track. This enhances the durability of the monomolecular film for lower friction. However, 
optimization of the pretreatment has to be investigated. 
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Taking these results into account, we wish to propose the following mechanism of lubrication 
by the monomolecular film as expressed in Figure 13. At the initial stage of the tribo-test, OA- 
D35 on the Si surface was removed by the mechanical stress. A transferred film composed of 
the acid would be generated if the removed acid adsorbed on the ball surfaces. This leads to a 
long lifetime of the film with low friction. On the other hand, degradation of the 
monomolecular film of OA-D35 followed by insufficient generation of the transferred film on 
the ball surface causes high friction and short lifetime in friction reduction. It was suggested 
that the affinity of the carboxylic acid in the ball material influences the transfer phenomena. 
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Fig. 13. A proposed mechanism for the durability of the monomolecular film 



2.3 The tribological properties of a binary-component monomolecular film [11] 

A binary-component monomolecular film was deposited from the equimolecular mixture of 
octadecylamine (Ci 8 H 3 7NH 2 , Ci 8 NH 2 ) and OA-D35 or octadecyl alcohol (QsHszOH, Q 8 OH) 
and OA-D35. The tribological properties were obtained by sliding a steel ball against the 
film. The binary-component film with C18NH2 provided high friction and short durability, 
while that with CisOH provided low friction and was fairly durable, as shown in Figure 14. 
Chemical mapping of the flat surface after the tribo-test for 100 s is shown in Figure 15. For 
the C18NH2 + OA-D35 binary system, the intensity of the total positive ions on the rubbed 
area was much greater than those of the nonrubbed area. Careful analysis of the chemical 
image revealed that the increase in intensity of total ions due to increases in the fragment 
ion of m/z 28 (Si). At the same time, decreases in the intensities of m/z 2 (D), 270 (C18NH2), 
and 318 (OA-D35) were observed. The results indicate that the binary-component film was 
worn off by rubbing. 
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Fig. 14. Friction trace of the binary-component film during the ball-on-rotating-flat test 
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Fig. 16. Chemical mapping of the QsOH + OA-D35 binary film after the tribo-test 

By contrast, the binary-component monomolecular film from QsOH + OA-D35 provided a 
longer lifetime with low friction. Almost no changes in chemical mapping after the tribo-test 
for 200 s were observed (Figure 16). The results indicate that the QsOH + OA-D35 binary 
film remained on the surface even after the tribo-test. In consequence, the tribological 
properties of the binary-component monomolecular film are in good agreement with the 
results of SIMS analysis. 

An interaction between C18NH2 and OA-D35 through the ionic interactions is possible. This 
makes the adsorption force of OA-D35 on the Si surface, which retards the durability of the 
film. On the other hand, an interaction of QsOH with OA-D35 is possible through hydrogen 
bonding between the polar functional groups, alcohol, and carboxyl group. It should be 
noted that the hydrogen bond is much weaker than the ionic bond. Therefore, the 
adsorption force of OA-D35 was not weakened by the presence of QsOH, which, 
advantageously, seems to form certain mobile phases on the surface. 



2.4 Lubrication mechanism of diamond-like carbon coatings with water [17-18] 

Diamond-like carbon (DLC) coatings on metallic materials possess many advantages to 
tribo-materials such as corrosion resistance, wear resistance, and friction reduction [19]. One 
of the features of using a DLC coating as a tribo-material is its applicability in humid 
environments or in water [20]. Furthermore, it has been reported that water improves the 
tribological properties of DLC. Although the formation of a boundary film by the tribo- 
chemical reaction of water with DLC has been suggested, a mechanistic investigation based 
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on surface chemistry is difficult. The tribo-chemical reaction of water is supposed to provide 
hydrogen or oxygen to DLC surfaces. Besides water as lubricating fluid, there are other 
sources of hydrogen and oxygen atoms under tribological conditions. Examples include 
oxygen in air or metal oxides, hydrogen in organic contaminants, or DLC itself. Resources of 
hydrogen or oxygen could not be identified by the usual procedure, even if increments of 
these elements on surfaces were detected after rubbing. The stable isotopic tracer technique 
is expected to be powerful tool in studying the tribo-chemistry of DLC. Heavy water, such 
as D2O and H2 18 were employed in this work. DLC coatings were deposited on the silicon 
surface by a thermal electron excited chemical vapor deposition procedure using toluene as 
carbon source. The resultant material was slid against a SUS 440C (JIS) stainless steel ball at 
a load of 10 N under a reciprocating motion at the frequency of 1 Hz. The three lubricants, 
H2O, D2O, H2 18 provided similar tribological properties, as shown in Figure 17. 



0.20 




0.00 



10 20 30 40 

Test duration, min 



50 



60 



Fig. 17. Friction trace during the tribo-test with water or heavy water 

Chemical mapping of the DLC surfaces obtained by SIMS analysis shows a remarkable 
increase in deuterium content on the rubbed surface with D2O (Figure 18). Careful analysis 
of the mapping indicates the deuterium is bonded to oxygen (OD, m/z at 17) and to carbon 
(CD, m/z at 14). It should be noted that the fragment ion of m/z 14 could be identified as 
the CD moiety or CH2 moiety. Presence of the former was supported by another 
considerable fragment ion of m/z 2, which corresponds to D. An increase in ls O on the 
surfaces rubbed with H2 ls O also supports the tribo-chemical reaction of water with DLC. A 
considerable increase in the fragment ions of m/z 18 and m/z 19, which corresponded to 
ls O and 18 OH, respectively, indicates the formation of a new carbon-oxygen bond. It should 
be noted that the contents of 16 (regular oxygen) outside the worn surface is higher than 
that inside worn surface. The results suggest that 16 0-containing compounds that existed on 
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nonrubbed surfaces were worn off under the tribological conditions. However, 
identification of the 16 0-containing compound (s) on nonrubbed surface was difficult by the 
SIMS analysis. 

On the basis of SIMS analysis, we wish to propose the mechanism of tribo-chemical reaction 
of water with DLC as expressed in Figure 19. Both homolysis and heterolysis are possible as 
the initial step of the reaction when DLC was exposed to mechanical stress. The former 
yields carbon radicals and the latter yields carbocations and carbanions as active 
intermediates. Then heavy water reacts with the active intermediates and results in the 
formation of new C-D and C-OD bonds. In summary, clear evidence of the tribo-chemical 
reaction of water with DLC was observed using two isotopic tracers, deuterium and 18 0. 

2.5 Lubrication mechanism of organic friction modifier additives in hydrocarbon oils 
[21] 

GMO (Glycerol monooleate, 2,3-dihydroxypropyl 9(Z)-octadecenoate) is known as one of 
the organic friction modifiers that improves the tribological properties of hydrocarbon oils. 
In fact, a solution of GMO in PAO (poly-alpha-olefin) dramatically reduced the friction of 
steel-DLC [22]. An XPS analysis of the rubbed surface with GMO-PAO indicated the 
presence of carbonyl compounds on the surface [23]. The results suggest that adsorption of 
GMO yielded the boundary film on the surface, thereby improving the tribological 
properties. However, the chemical resolution of XPS analysis for carbon is not sufficient for 
further investigations. There are two possibilities for the structure of the boundary film. One 
is an adsorption film of GMO itself and the other is an adsorption film of oleic acid, which is 
produced by the decomposition of GMO under the tribological conditions. It is difficult to 
distinguish between GMO and carboxylic acid by their chemical shifts of the carbonyl 
group. 
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Fig. 18. Chemical mapping of DLC surface after tribo-test with water 
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Fig. 19. Reaction mechanism of water with DLC surface under the tribological conditions 

There are other ways in which carbonyl compounds are produced on the rubbed surface. An 
auto-oxidation of hydrocarbons usually occurs during the tribo-test under air. The reaction 
yields various organic oxides including carbonyl compounds. More troublesome, organic 
contaminants including carbonyl compounds exist everywhere. Therefore, it is difficult to 
eliminate carbonyl compounds derived not from GMO, but from sources other than GMO. 
The present stable isotopic tracer technique would clarify all of these problems. For this 
purpose, perdeuterio-GMO (in which all hydrogen atoms in GMO are substituted with 
deuterium) was desired. However, preparation of perdeuterio-GMO seemed difficult 
because of the availability of its precursors. Generally, GMO is prepared by the esterification 
of 9(Z)-octadecenoic acid (oleic acid) with propane-l,2,3-triol (glycerol). Commercially 
available precursors for isotope labeled GMO (where at least one atom is substituted by D or 
13 C) are listed in Figure 20. Due to limitations in the available precursors, we were required 
to design isotopic labeled GMO that makes SIMS analysis effective. For this purpose, the 
fragmentation of GMO in SIMS analysis was considered carefully. GMO has two moieties: 
an alcoholic moiety with three carbons and the carbonyl moiety with 18 carbons. One of the 
major fragmentations of GMO is the scission of the ester bond, dividing GMO into a three- 
carbon moiety and 18-carbon moiety. To identify both fragments as fingerprint fragments in 
SIMS analysis, we have selected two precursors. One is tri- 13 C-propane-l,2,3-triol and the 
other is l- 13 C-9(Z)-octadecenoic acid. It should be noted that the former produces the three- 
carbon fragment with increments of m/z 3 from the natural (unlabeled) propane-l,2,3-triol. 
The latter produces the 18-carbon fragment with increments of m/z 1 from the natural 9(Z)- 
octadecenoic acid. In this manner two labeled-GMOs, namely c-GMO and g-GMO, were 
prepared (Figure 21). 
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Fig. 21. Structure of labeled GMO as a model additive 

We acquired mass spectra of GMOs on nonrubbed surfaces to find out their "fingerprint" 
fragment ions. GMO yielded fragment ions at m/z 265 and 339 in positive ion spectra and at 
m/z 280 in negative ion spectra. c-GMO and g-GMO gave fragment ions according to their 
number of 13 C. These fragment ions were generated by scission of the carbon-oxygen bond 



444 



New Tribological Ways 



in the additive molecule. Here we paid attention to the following fragments of GMO to 

investigate the boundary film formed on the rubbed surfaces (Figure 22). 

" Fragment- A " as the acyl moiety 

"Fragment-C" as the carboxyl moiety 

"Fragment-E" as an ester dehydroxylated from the original molecule 




Fragment A: m = 265 for GMO and g-GMO, m = 266 for c-GMO 
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Fig. 22. Formula weight of the fragment ions from GMOs 

2.6 SIMS analysis of GMO on DLC 

Three GMOs were dissolved in PAO and the solutions were employed for the tribo-test. All 
GMOs provided similar tribological properties, as shown in Figure 23. The results indicate 
there are no effects on isotope(s) on the tribological properties, which is essential in the use 
of an isotope-labeled molecule for chemical analysis. 
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"Fragment- A " and "Fragment-E" were found in the positive mass spectra, and "Fragment- 
C" was found in the negative mass spectra of the rubbed surfaces (Figures 24-25). The 
hydrolysis of GMO yields 9Z-octadecenoic acid (oleic acid), which may adsorb on DLC 
surfaces. We confirmed analytically whether or not the acid exists on the surfaces. GMO and 
9Z-octadecenoic acid afford "Fragment-A" and "Fragment-C." Obviously, "Fragment-E" is 
attributed to GMO. We compared the relative intensity of (Fragment-A) /(Fragment-E). Our 
hypothesis is as follows; if the relative intensity of the acid on the wear track is higher than 
that on the nonrubbed surface, then the acid exists on the rubbed surface. We found the 
same relative intensities of the fragments. Therefore, the boundary film is mainly composed 
of GMO as an ester, and if at all, adsorption from the acid constitutes a minor portion. These 
results indicate that hydroxyl group in GMO is an anchor for interactions with the DLC 
surfaces. 

Finally, we wish to propose the contents of the boundary film that provide low friction upon 
steel-DLC contact. Adsorption of GMO on the rubbed and on the nonrubbed DLC was 
detected by SIMS analysis. It has been reported that rubbing can activate DLC surfaces, 
which result in the adsorption of additives [24, 20]. However, we could not find any clear 
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Fig. 24. Mass spectrum of wear track rubbed with GMOs (m/z 200-400, positive) 
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Fig. 25. Mass spectrum of wear track rubbed with GMOs (m/z 200-400, negative) 

evidence for the activation of surfaces by rubbing, if the intensities of GMO on the rubbed 
surfaces were compared with those on the nonrubbed surfaces. Aside from "Fragment-A" 
and "Fragment E," several broad peaks were found in the mass spectrum. Careful analysis of 
the spectrum revealed that the cycle of the broad peaks is approximately m/z 14, indicating 
a methylene (CH2, m/z 14) unit exists on DLC surfaces. The fragment ions are likely 
attributed to PAO, which is the major component of the system. A liquid clathrate-type 
boundary film (which involves an insertion of a branched hydrocarbon moiety in PAO into 
the adsorption film of GMO) was suggested [21]. 



3. Scope and limitations 

In this article, we introduced a new technique for the investigation of tribo-chemistry that is 
based on stable isotopic tracers. The potential applicability of this technique would include 
the following three categories. 

1. Degradation of preformed boundary film: Examples include monomolecular film; self- 
assembled mono-layers (SAMs); and any other surface treatment, including coatings. 
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For this purpose, isotope-labeled compounds can be employed as precursors of surface 
treatment. 

2. The interaction of additives on the rubbed surface: The results of the binary-component 
monomolecular film can be applied to study synergism or antagonism for each additive 
in multicomponent lubricants. 

3. Tribo-chemical reaction of base fluids with the surfaces of materials: Simple chemicals 
in the chemical structure, such as water, are applicable for this purpose at present. The 
main difficulties lie in availability of isotope-labeled base fluids. 

4. The interaction of additive molecules with tribological surfaces: This is still an emerging 
technique for tracing the target molecule (usually tribo-improving additive) after the 
tribological process. The most challenging aspect of this technique is to detect small 
quantities of isotope(s) present in the system. For example, the solution of c-GMO in 
PAO contains approximately 0.04% of the labeled 13 C compared to the total number of 
carbons in the solution. Note that 13 C yields a fragment ion of m/z 13, which is the 
same m/z as 12 CH from hydrocarbons. If a considerable amount of 13 C exists in the 
system, the intensity of the fragment ion at m/z 13 should be obviously increased. The 
detection of these small quantities of isotopes is difficult. We have solved this problem 
by tracing major fragment ions derived from two or three precursors. This requires well 
designed model molecules based on the fragmentation of molecules during SIMS 
analysis. The introduction of the stable isotope (s) into the appropriate position in the 
molecule is essential. 

It should be pointed out that the stable isotopic technique is highly suitable for organic 
compounds comprised of only hydrogen and carbon, and possibly also those containing 
oxygen and/ or nitrogen atoms. For these organic compounds, the conventional surface 
analyses for tribology such as AES, EPMA, and XPS do not provide sufficient chemical 
resolution. Therefore, it is usually difficult to distinguish between the target molecule and 
organic contaminants. Usually there are small quantities of the target molecule on the 
rubbed surface. This makes the surface analysis more difficult. On the other hand, most 
tribo-active elements in lubricants, such as phosphorus, sulfur, molybdenum, zinc, and 
chlorine are well identified by the conventional surface analyses in tribology. Although AES, 
EPMA, and XPS can well detect the heavy elements with high sensitivity, they do not or 
hardly detect the light elements such as hydrogen and carbon. SIMS detects all elements if 
they are effectively ionized. 

SIMS is a surface sensitive analysis whose analytical depth is as thin as 1-2 nm. Therefore, 
the sample should contain smooth surfaces to obtain optimal analytical results. The 
tribological process usually results in surfaces with submicrometer asperities even under a 
mild wear regime. The present work was achieved by employing wear resistance materials 
such as DLC. SIMS analysis was performed before wear occurs. This implies the technique is 
limited to mixed lubrication under low wear conditions. The placement of D, 13 C, or 18 
enriched atoms at the appropriate position(s) in the molecule is not always available at a 
reasonable cost. Therefore, isotope-labeled molecule should be designed based on their 
fragmentation during SIMS analysis. 

SIMS approaches in tribo-chemistry using nonlabeled additives have been also achieved by 
detecting molecular ions or quasi-molecular ions [25-29]. However, signals corresponding to 
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the target molecule are weak. Our isotope labeled approach usually provides clear signals 
with detailed analysis of the boundary film. In addition to these advantages of SIMS, the 
combination of multiple analytical tools is highly recommended for studying tribo- 
chemistry [30-31]. 
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1. Introduction 

Nowadays hydrodynamic lubrication analysis involves sophisticated models that use a 
large number of variables. For instance the evaluation of temperatures, which directly 
determine the viscosity of the lubricant fluid and hence its load carrying capacity, has 
become a standard procedure and the related analysis type is referred to as 
ThermoHydroDynamic (THD) analysis. ThermoElastoHydroDynamic (TEHD) models introduce 
a further enhancement in lubrication analysis by including the simulation of bearing 
deformations due to mechanical loads and/ or thermal effects. 

TEHD lubrication is an interdisciplinary field including structural, thermal, thermo-elastic 
and hydrodynamic simulations. Hence it requires a multi-physic approach that should be 
based on a well-rounded discretization technique capable of simplifying the simultaneous 
management of different interconnected models, which must exchange data between 
themselves. This task is well-accomplished by the Finite-Element Method (FEM), an overall 
discretization technique particularly suited for problems with complicated integration 
domains and non-smooth solutions. 

A TEHD model of a kinematic pair simulates the thermal and mechanic interaction among 
the lubricant film and the lubricated solid members. As far as the fluid film sub-model is 
concerned, it must rely on the mass and energy conservation principles. The separation of 
the fluid (cavitation) in the divergent film region and the presence of feed grooves on 
bearing surfaces encumber the formulation of the conservation principles especially in the 
finite-element perspective and require special modelling techniques. 

The present chapter is aimed to provide the theoretical foundation of FEM mass- and 
energy-conserving models as well as to report their application to the THD and/ or TEHD 
analysis of different bearing types. Author's original contributions to the simulation 
methods are explained. They include the FEM groove-mixing theory, the SUPG stabilization 
of the conservation equations and the "quasi-3D" approach to the thermal problem. The 
theoretical construct is useful to enable the analysts to manage the models and to 
understand the responses. The application examples are relevant to both journal and axial 
bearings with fixed and tilting pads, in order to demonstrate the high flexibility of the 
method. With few modifications the presented method can be applied to the design of 
several types of bearings in both steady and dynamic loading conditions. The scope of the 
paper is anyway limited to the analysis of steadily-loaded bearings working in laminar 
lubrication regime. 



452 New Tribological Ways 

2. State-of-the-art 

Modern lubrication analysis methods enable us to assess bearing performances with high 
accuracy. By taking advantage of detailed THD simulations the maximum deviation 
between experimental findings and numerical predictions for white metal temperatures 
may be less than 3-4°C (Banwait & Chandrawat, 1998). 

TEHD analysis is compulsory in order to achieve sufficiently reliable results for highly 
loaded journal bearings (Bouyer & Fillon, 2004), tilting pad journal bearings (Chang et al., 
2002), thrust bearings (Brugier & Pasal, 1989) and dynamically loaded supports (i.e. big end 
bearings of connecting rods for automotive engines) (Piffeteau et al., 2000). TEHD analysis 
may also be convenient in the case of journal bearings with stiff housing (i.e. for 
turbomachineries) in order to avoid assumptions about the effective clearance in working 
conditions. 

FEM is more and more often used in lubrication analysis (Booker & Huebner, 1972; Bonneau 
& Hajjam, 2001). A FEM version of the classic groove-mixing theory (Robinson & Cameron, 
1975) is explained in the following. It has been developed by formulating the energy balance 
for the supply grooves at the element level, in order to deal with all of the lubrication 
problem details in finite-element terms. 

Suitable stabilization techniques are compulsory in lubrication analysis to solve by means of 
FEM the energy and the cavitation equations, whereas they rule parabolic and hyperbolic 
differential problems, respectively. The Streamline Upwind Petrov-Galerkin (SUPG) 
technique (Kelly et al., 1980; Tezduyar & Sunil, 2003), applied by the author to both 
problems, is fully explained in the following. Although more straightforward upwinding 
techniques have been initially proposed by other authors (Kumar & Booker, 1991), SUPG is 
more general, as it does not depend on the element type. 

As convection is the main mechanism of heat exchange in the lubricant film, oil 
temperatures and flows are directly related. Hence a consistent treatment of the thermal 
problem demands an equally reliable model of film hydrodynamics. 

In this perspective the FEM mass-conserving algorithms developed in the last decade by 
researchers (Kumar & Booker, 1991; Bonneau & Hajjam, 2001) are an essential tool to 
provide the accurate estimate of the lubricant flow needed by THD and TEHD analysis 
methods. A mass- and energy-conserving FEM model has been presented by Kumar & 
Booker (1994). The resulting algorithm is fast as it turns the three-dimensional (3D) thermal 
problem in a two-dimensional (2D) one by solving the energy equation averaged across the 
film thickness and by assuming adiabatic walls. Afterwards such a method has been 
enhanced in a previous work (Stefani & Rebora, 2009), where it is incorporated in a 
complete 3D TEHD simulation and it is completed with boundary conditions consistent 
with the continuity of mass and energy throughout the integration domain. 
To this purpose the temperature variation across the film thickness is calculated by fitting 
the temperature profile with a fourth-order polynomial (quasi-3D approach) and the above- 
mentioned groove-mixing theory is employed. In such an arrangement the algorithm has 
shown good agreement with experimental results. The computational cost is still reasonable 
and the algorithm is very flexible and well-suited to different bearing types and geometries. 
Consequently the model can serve as the basis for codes dedicated to bearing design and 
verification for industrial purposes. 
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3. Basic equations 

3.1 Thin film mechanics equations 

In kinematic pairs working in hydrodynamic and elastohydrodynamic lubrication regime, 
the lubricant action is exerted through a thin film between two members (with facing 
surfaces and 1) in motion at velocity Vo and Vi, respectively (Fig. 1). 

The following usual "Reynolds hypotheses" are assumed. The lubricant is Newtonian and it 
flows in laminar regime in the narrow clearance between the two members, with no-slip 
conditions at the walls. The film curvature yields negligible effects. 




surface 1: 

Hi=Hi(x, z) 



surface 0: 

Ho=Ho(x, z) 



Fig. 1. Reference system 0(x, y, z) and flow between the two surfaces and 1 moving with 
velocity V ={U , V , 0} and Vi={Ui, Vi, 0} 

The velocity distributions of the fluid into the film thickness can be obtained from the Navier- 
Stokes equations, simplified by means of the above-mentioned assumptions and integrated 
with suitable boundary conditions (the fluid velocity at the surfaces and 1 are Vo and Vi, 
respectively). After velocity is substituted in the continuity equation, its integration in a 
columnar element of fluid (Fig. 1) with height H = Hi - Ho and rectangular basis dx • dz 
provides the thin film mechanics equation, also referred to as Reynolds generalized equation, 
(Dowson, 1967). At time t, for a full film of compressible fluid developed in a rectangular 
domain, where a cartesian coordinate system 0(x, y, z) is fixed, it states 



d ( dp\ d ( dp 



dx{ dx J dz{ dz) dx 



d V[Lf 1 H 1 -Lf H -/(U 1 -Lf )]} + |-(pH) (1) 



where the hydrodynamic pressure p as well as the fluid density p are independent of the y 
coordinate and 



f = h/h 

g = i 2 -i 1 2 /i 



(2) 



with 



-\ Hiy -dy 



(3) 
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The lubricant viscosity \i (eq. (3)) is variable along the film thickness (with the y coordinate) 

as well as in the bearing surface (with the x and z coordinates). 

Although equation (1) is time dependent, it is not referred to as the equation of the thin film 

dynamics, as inertia and volume forces are negligible in a thin film. Hence the reference 

frame 0(x, y, z) can be chosen regardless of whether it is inertial or not. 

In order to express eq. (1) in a form useful for bearing analysis, the plane y=0 is assumed to 

lie on the surface 0. Therefore equations of surfaces and 1 become Ho = and Hi = H, 

respectively. In addition, let 0(x, y, z) be fixed to surface 0, namely surface is steady in this 

reference frame. Hence, if U is the relative velocity between surface 1 and surface 0, the 

kinematic terms in eq. (1) are Uo=0 and Ui=U. 

These assumptions simplify the thin film mechanics equation as follows 

Equation (4) may be used for analysis of journal bearings, when their geometry and 
operating conditions enable Reynolds hypotheses to be fulfilled. As curvature effects are 
neglected the x axis is set in circumferential direction (x = R 0, where R is the shaft radius). 
In order to avoid the simulation of moving grooves, the surface where feed holes and/ or 
lubricant supply grooves are machined is chosen as surface 0. Usually surface and surface 
1 lie on the bush and the journal respectively, as in the case of rotor journal bearings, 
submitted to steady loads and fed through suitable grooves in the bushing. In big end 
bearings of connecting rods for internal combustion engines, working under dynamic loads, 
the feed holes are machined in the crankshaft. Hence the sleeve wall may be chosen as 
surface only if it houses a circumferential groove. Otherwise surface is chosen on the 
journal, and U becomes the velocity of the bearing with respect to the journal. Nevertheless, 
as this chapter focus more specifically on rotor bearings, the reference surface for radial 
bearings will be always on the sleeve in the following. Consequently, if co is the shaft 
rotation speed (with respect to the bearing), U = co R. 

The relative surface velocity U (or co) may either depend or not depend on the x (or $) 
coordinate as for journal bearings submitted to either dynamic or steady loads, respectively. 
In the former case such a dependency yields higher order infinitesimal in eq. (4) and it can 
be neglected in the simulation of the thin film mechanics. 
The resulting form of the thin film mechanics equation for journal bearings is 

In the annular domain, where the lubricant film develops in the case of thrust bearings, the 
coordinate frame used to locate a generic point Q (Fig. 3) is the cylindrical coordinate system 
0(r, y, &). An analogous integration of the Navier-Stokes and continuity equations in the 
reference frame 0(r, y, &), leads to 



rd${ r dSJrdry gT dr J ** d&^ *" + dr P ' 



(6) 



By taking advantage of a conformal mapping technique (Wang et al., 2003), in agreement 
with the coordinate transformation z = R ln(r/R) (R is the inner pad radius, shown in Fig. 3), 
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the end face of the thrust bearing can be transformed from its annular (physical) domain to a 
rectangular (computational) domain. Accordingly, by substituting r=R exp(z/R) in equation 
(6), it is turned into the following form 

±[v.(p g Vp)] = m±[p(H - /)] + |(pH) (7) 

where V={<9/(R dQ), d/dz}={d/dx, d/dz} is the gradient operator and y=y (z)=exp(z/R) is 
the conformal mapping operator. In the computational domain (&, z), for y=l equation (7) is 
the same as the thin film mechanics equation for journal bearings (eq. (5)). Hence equation 
(7) is the universal thin film mechanics equation for journal and thrust bearings, provided 
that y=l for journal bearings and y=exp(z/R) for thrust bearings. If the fluid viscosity is 
considered constant across the film thickness and equal to the local mean viscosity (the one 
calculated at the cross-film averaged temperature), equations (2) can be easily integrated 

f = H/2 1 

* = H7(12„)| (8) 

By means of substitution of eq. (8) into eq. (7), the universal Reynolds equation for journal 
and thrust bearings is obtained 



f tf \ 

12// 



.^± {pH) + % H) (9 ) 



3.2 Film thickness equations 

As TEHD models take into account the deformations (due to both mechanical and thermal 
actions) of the two members of the pair, in order to calculate the film thickness H, the 
relative displacement of the two facing surfaces must be known. 

Let di be the displacement of a point on the surface i (i = 0, 1) in the normal direction 
(roughly the y direction for both the walls). Such a direction becomes radial in the case of a 
journal bearing, due to the curvature of the x axis. For very compliant bearings (i.e. for 
connecting rod applications) di is the radial component of the displacement deprived of the 
rod rigid body motion, i.e., the mean displacement among points located on the sleeve 
surface. As explained in the previous paragraph, the reference frame is put on surface and, 
precisely, in its real (deformed) configuration. This clarification implies that the equations of 
surface and 1 can be expressed respectively by Ho = and Hi = H = h + di - do, where h is 
the ideal film thickness measured between the surfaces in undeformed state. The present 
paragraph deals with the assessment of the ideal film thickness h, while thermoelastic 
displacements di are focused in paragraph 53. 

Starting from a cylindrical (complete) journal bearing (Fig. 2) with no misalignment, the 
classical expression for the ideal film thickness, obtained by neglecting higher order 
infinitesimal terms, is h= Cb + e • cos 0, where Cb is the small radial clearance and e is the 
journal center eccentricity ObOj (the norm of the vector e). As it evaluates h in the reference 
system 0'(x', y') fixed to the center-line (the dash-dotted line in Fig. 2) that moves together 
with the journal, the above-mentioned classical expression is not suitable to deal with TEHD 
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analysis by means of FEM. Indeed, structural models can only evaluate the displacements of 
discrete points (nodes) on the bearing surface localized in a reference frame fixed to the 
bush. Hence the ideal film thickness equation must be also referred to a coordinate system 
fixed to the bearing, i.e. the reference frame 0(x, y) shown in Fig. 2, by means of the 
following equation 



h = c h + e Y cosi9- 



, sini9 



(10) 



where the journal center location is given by the Cartesian coordinates (ex, ey) in the 
reference frame Ob(X, Y) fixed at the geometrical center of the shell. 




Fig. 2. Cylindrical pair (complete journal bearing) with ideal (rigid) members and reference 
systems 

In a tilting pad thrust bearing assembly (Fig. 3), the geometrical center overlaps the origin of 
the reference system 0(r, y, &) used for the thin film mechanics equation (6). Hence 0(X, Z) 
and its polar counterpart 0(r, &) are the references employed to measure the coordinates 
that rule the relative position of the assembly members. By moving their origin in the pivot 




x Pi 



|y 



^Pin 










y®. 



Fig. 3. Tilting pad-collar pair (thrust bearing) with ideal (rigid) members and reference 
systems 
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Pi of the i th pad, the reference frame Pi(xpi, zr) shown in Fig. 3 is obtained (the zpi axis is 
oriented in radial direction), in order to easily express the ideal film thickness at pad i as 

h i = h p~ S ri r sin (5 - y/ Pi ) + 8 m [r cos (& - y/ Pi ) - r Pi ] (11) 

where the coordinate pair (rpi, \|/r) gives the polar location of the pivot that supports the i th 
pad, 5 r i and 5^ are the tilt angles of pad i around the radial axis zpi and the tangential axis xpi 
respectively (for line-contact pivots 5$i =0), hp is the film thickness at pivot. 
By substituting r = y(z) R and/ or = x/R in eqs. (10) and (11), the relevant ideal film 
thickness expressions in the mapped (computational) thin film domain 0(x, z) are obtained. 

3.3 Kinematic pairs motion equations 

When the time history of the external load acting on the bearing is given instead of the 

relative position of the pair members, the resulting problem is referred to as indirect problem 

instead of direct problem. The indirect problem requires more relations than the sole thin film 

mechanics equation in order to determine the pressure field evolution, once the viscosity 

distribution is known by solving the energy equation. The additional relations are the 

equations of motion for the (moving) members of the kinematic pair. 

One of the most effective iterative methods for solving the indirect problem (the coupled 

thin film mechanics and motion equations with the relevant initial and boundary 

conditions) is based on the Newton-Raphson procedure and it is explained, for different 

type of bearings, in many papers (i.e.: Chang et al., 2002). 

Steadily loaded bearings are analyzed by means of the same method as dynamically loaded 

ones, whereas the mass-conserving approach (paragraph 4.1) retains the transient terms of 

eq. (7). In such a case, the simulated transitory evolving from an arbitrary initial condition is 

not meaningful, and only the steady conditions, reached after a sufficient number of time 

steps, are considered simulation results. 

Unfortunately the resort to rotational equilibrium equations, which are simpler than 

momentum of momentum ones and might be sufficient to produce the fictitious transitory 

needed to reach the steady state, may cause the iterative procedure not to converge. Hence, 

rotational equilibrium equations are disregarded in the following and angular inertia is 

treated as a stabilization parameter for steady-state analyses. 

Let F = {Fx, Fy, 0} be the external load acting on the moving member of the pair. 

In the case of a journal bearing (Fig. 2), the equilibrium equations of the journal are 



F x + jpcos$y 2 dQ. = 

Q 

F Y + jpsm£y 2 d£l = 



(12) 



where Q is the mapped domain (the union of the pad domains in a thrust bearing assembly) 
and y 2 dQ = y 2 dx dz is an infinitesimal element of the physical domain. Equation (12) holds 
for steadily loaded and also dynamically loaded journal bearings, i.e. in a connecting rod big 
end bearing the inertia force acting on the journal is carried by the crankshaft bearing. In the 
case of a tilting pad thrust bearing (Fig. 3, Fx=0), the collar equilibrium implies 

F Y -jpr 2 dCl = (13) 
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while the momentum of momentum equations for the (frictionless) i th pad motion are 

-\ VT Rsm(&- ¥m ) r 2 da-i zP , S "~ 2S " 

a At 
Jp[>Rcos(0-y H )-r Pi ] r 2 dn-i xBI s *-^* , ■ "»> = 






C r,o t-At . C t-2At 

da - Ida- + On, 



Af z 



(14) 



where I x pi and I z h are the (mass) moment of inertia around the xpi and zpi axes, respectively, 
or the stabilization parameters of pad i. 



4. The mass-conserving lubrication model 

4.1 Integration domain and basic assumptions 

Mass conserving cavitation models are based on the so-called JFO theory for moderately 
and highly loaded bearings, which assumes an infinite number of streamers in the cavitated 
region. Fig. 4 shows the thin film (mapped) computational domain Q which is divided into 
an active (or pressurized) region Q a and an inactive (or cavitated) region Q c in such a way 
that Q = Q a u Q c . Let T e be the external boundary of Q, T c the boundary between active and 
inactive film regions, T e i the eventual portion of T e that bounds the active film region and 
T e 2 the remaining part so that T e = T e i u T e 2. The unit vectors n a and n c denote the outwards 
normals respectively to Q a and Q c . 



Active film region 




Cavitated film region 



r,i 



n a 



J 



i. 

Fig. 4. Integration domain 

It is assumed that the lubricant behaves like an incompressible fluid when hydrodynamic 
pressure build is allowed, and like a fictitious gas-liquid mixture with variable density and 
constant kinematic viscosity when cavitation occurs and pressure can be considered 
constant (p = p c ), so that mixture density p and viscosity u are related to liquid density pL 
and viscosity ul by 



Ml Pl 



(15) 



The complete film region (p = pij includes Q a and in some cases, the part of Q c where 
pressure cannot rise and density is going to decrease, due to the divergence of the film, 
while the incomplete film region (p < pL) is a portion of Q c . 

For the applications at the hand, the lubricant density pL is considered constant and the 
lubricant viscosity ul is assumed to depend solely on film temperature. In order to 
approximate the temperature-viscosity dependence of the lubricant in a range of 
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temperature that is quite narrow but still reasonable for steadily-loaded bearings, the 
following simple equation is often used 

// L =// LO exp[-/?(r-r )] (16) 

where ulo is the lubricant viscosity at the reference temperature To and p a viscosity- 
temperature coefficient. By taking into account the assumptions about the lubricant 
behavior, the universal thin film mechanics equation (7) becomes 

A« = 4[v<g 1 Vp)]-U.v[/>(H-/ t )]-|(/>H) = (17) 

where U = {go R, 0} is the relative velocity, Am the residual mass flow (per unit area) and 

fL= i Ll/ i L0=f 

with 



. . 2 . . . | (18) 



l - JO 



£ H £* d9) 



Ml 



Equation (17) ensures the continuity of the mass, by imposing that the difference between 
the lubricant flow into and out of the columnar element shown in Fig. 1 balances the 
variation of the mass per unit time in the same volume. The mass flow through the walls of 
the columnar element (per unit length) is 

m = _PL8jyi + rp{H _ fi)l j po) 



4.2 Classic Kumar and Booker type differential formulation 

Assuming p = pL on region Q a and p = p c on region Q c , the simulation of both the film 
regions may be performed by means of eq. (17), which becomes an elliptic equation in the 
unknown pressure p on Q a and a hyperbolic equation in the unknown density p on Q c . The 
method for determining the partitioning of region Q takes advantage of a complementarity 
principle (Murty, 1974; LaBouff & Booker, 1985) that allows dividing the complete active 
from the complete inactive region, where pressure p and density derivative dp/dt are 
calculated, respectively. Afterwards a time integration technique is used to compute the 
density p of the film in such a way that the incomplete inactive region extent is immediately 
determined at each time step (Kumar & Booker, 1991). 

4.3 Bonneau and Hajjam type differential formulation 

An alternative formulation (Bonneau & Hajjam, 2001) turns out to be more accurate than the 
classic one in the case of dynamic loading conditions. In this approach the gas film content is 
defined as 

v = -H(p L -p) (21) 
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Expressing the thin film mechanics equation (17) in terms of such variable yields 



Pl 



Am = ^Lv.(g L Vp)-/? L U.V 



r 



H\ 1- 



ot 



v 1- 



af 



Equation (22) must be integrated with the following constraints 

v = and p>p c on Q c 
p = p c and v < on Q c 



(22) 



(23) 



that match the requirements of both regions Q a and Q c mentioned in the previous 
paragraph. 

4.4 JFO cavitation conditions 

The classic Jakobbson, Floberg and Olsson (JFO) conditions (Floberg & Jakobsson, 1957; 
Olsson, 1965) impose the continuity of the flow through the cavitation boundary T c . They 
can be obtained by means of the flow balance suggested by Fig. 5, where V r denotes the 



a 




Fig. 5. Mass flows through the moving cavitation boundary 

velocity of the moving boundary of T c , crossed by the hydrodynamic mass flows mi n and 
m ut, respectively leaving and entering the active film. Both such flows can be computed on 
the basis of eq. (20), particularized for Q a and Q c . Therefore mass continuity through T c is 
ensured by the equation 



m in • n c - m out • n c - H(p L - p)yV T • n c = 

r{H-f L )(p L -p)U-^^Vp- r V T H(p L -p) 

r 



•n =0 



(24) 



where all of the variables must be assessed on the boundary T c . In this form, the JFO 

boundary conditions can be coupled with eq. (17) that is the Kumar and Booker's 

formulation. 

In another way, in terms of the gas film content variable, by taking advantage of eq. (21), the 

same condition can be written 



yv 



i-A|u-v r 



Pl8l 



Vp • n c \ = 



(25) 



which is the boundary condition on T c for the Bonneau and HajjanVs formulation of the 
mass conserving lubrication problem. 
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4.5 Strong differential hydrodynamic problem 

The strong form of the differential problem is solved by finding the unknown pressure and 
gas content fields (respectively p and v) that fulfill eq. (22) on Q together with the relevant 
constraints eq. (23), the corresponding cavitation boundary conditions on T c (eq. (25)) and 
the essential boundary conditions v = v e , p = p e on T e . 

4.6 Weak integral hydrodynamic problem 

The film domain Q is suitably discretized by a finite element mesh with n nodes. The 
differential equations must be turned into discrete systems of integral relationships 
employing the weighted residual method. Integration must be performed in the physical 
domain, which infinitesimal area is y 2 dQ = y 2 dx dz. Let Wi be a weighting function 
associated with node i. After taking into account the different integration regions in Q, the 
integral strong form of the problem can be expressed by the weighted equation 



j n w , 4 v *(^vp)-/> L u.v 



f-J r wLv 
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(26) 



for i = 1 to n, together with the constraint eq. (23) and the essential boundary conditions on T e . 
Applying the divergence theorem (eq. (Al), see appendix) and the Reynolds transport 
theorem (eq. (A2)) to the strong form (eq. (26)) yields 



~ pL L a VW i'8iyP <fa + Pl j rurgi Wi gLVp-n a dT + 
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i_A|u v r 



* njT = 



(27) 



that considers the generic case shown in Fig. 4, where Q a is bounded by T c and a portion T e i 
of the external boundary. In such case the essential boundary conditions must be consistent, 
namely the gas film content has to vanish on r e i. The relationship 



F»n a = -F»n c on T c 

n = n =n„ onY ' 



(28) 
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holds for whatever field vector F is chosen, as evidenced by Fig. 4. Therefore, by taking into 
account eq. (28), equation (27) for T e = T e i u r e 2, Cl = Cl a ^J Cl c and v = on r e i, is turned into 
the relation 



-p L \ a vw r g ] y v dCL+ PL \ Y W l g ] y v ^dT + 

ndF- — f W jr 2 vdQ = 
dt*n 



\ n VW r v ll-g- \ r 2 UdQ-\ r W ir 2 v 



i-A|u-v r 



(29) 



The lubricant flow, given by eq. (20), can be expressed in terms of the variable v instead of p 
by means of eq. (21) as follows 



m = m H|l-Aju+yvfl-^ju-^^Vp 



(30) 



Then, by evidencing the expression of the flow (eq. (30)) and assuming that the external 
boundary is fixed with reference to surface (V re = 0), equation (29) becomes 



k w im .n r dr = - PL j n vw r ^vpr 2 dQ. + 
+PL l n vw r H[i-f±y r 2 da-p L \ n w l ^r 2 dci- 

+ [ VH^v(l-^MUr 2 dn- — f W l vy 1 dO. 



(31) 



Equation (31) together with the constraint eq. (27) and the essential boundary conditions on 

T e completely defines the hydrodynamic problem in weak formulation. It allows to 

implicitly fulfill the continuity boundary conditions on F c (eq. (25)), which are embedded in 

Eq. (31) as just proved. The corresponding strong form of the problem is the Bonneau and 

Hajjam type differential formulation presented at paragraph 4.3. 

By a numerical point of view the transient term in cavitated region can be evaluated as 

follows 



dv 



dt- 
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" dt 



(32) 



where v*-^ is the gas film content calculated at the previous time step. 
Substitution of eqs. (32) and (21) in eq. (31) yields 



J r W l m.n r dr = -p L l n VW l .^-Vpr 2 dCl+ 



dH 



,dp. 
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(33) 
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By means of eq. (33), which is roughly equivalent to eq. (31), the hydrodynamic problem is 
solved in the unknowns p, dp/dt (instead of p, v), as explained in paragraph 4.2. The 
corresponding strong form of the problem is the Kumar and Booker type differential 
formulation presented at paragraph 4.2. 

Due to the different integration schemes, the two types of weak formulations are not 
numerically equivalent. 

4.7 FEM formulation and stabilization 

The weighting functions are usually chosen according to Galerkin method when elliptic 
problems are involved, i.e. Wi = Ni, where Ni is the shape function of node i. The same 
expedient produces wiggles when the hyperbolic part of eq. (31) is solved in Q c . Stabilization 
can be performed by means of the streamline upwind / Petrov-Galerkin (SUPG) method, 
which is element-independent and, in addition, sharply simplifies numerical implementation 
in comparison with the classical upwinding methods (Bathe, 1996). 

In the present case, SUPG stabilization is achieved by adding numerical diffusion only along 
x direction. Hence, by introducing the usual finite element approximations for the unknown 
fields variables (p = pj Nj , v = Vj Nj), equation (31) can be written in synthetic form as 



*Mi=K P ijPj 



-K v v 
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where 



XP </=-M%VN,.VN ; . r 2 rfQ 



w 

Q 


Vj 


*W 


J 
Q 



l { HJ ] At dx { HJ dx 



VN,.H|l-^]u-N,- H RX 



H 



At 



N ^- 



1 J Af 



.A* 



AM f = j*N z -m.n/dr 



r 2 da 



y 2 dCl 



(35) 



In eq. (35), At is the time step, H t_At and v t_At are respectively the film thickness and the gas 
film content calculated at the previous time, and x SUPG is the stabilization parameter 



SUPG 



up nup 



a uv p 



As 



(36) 



where cc u p, (3 u p are dimensionless coefficients used to control the added diffusion, As is the 
length of the finite element along the streamwise direction, and u s the convective flow 
velocity. In eq. (36) the term on the right hand side has the effect of weighting the convection 
operators towards the upstream direction. 
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In order to solve eq. (34), the following set of values is used in eq. (36): a u P = 1, (3 u p = 0.5, As = 
Ax (element length along the x direction) and u s *U/2, whereas the convective flow in the 
cavitated region moves in x direction with the mean surface velocity. 

Some authors (Fatu et al., 2006) assume that viscosity is independent of cross film direction 
y in the cavitated region so that fr/H = 0.5 in Q c . 

5. Fast energy-conserving thermal models 

5.1 2D model 

A simplified energy conservation equation for thin fluid films was derived by averaging in 
the cross-film direction the classic 3D energy equation (Kumar & Booker, 1994). Although 
the resulting 2D model is very fast by a computational point of view, it is unable to assess 
the temperature gradient dT/dy at the walls, which must be considered adiabatic. By 
applying the conformal mapping defined in paragraph 3.1, the 2D energy equation is turned 
into the following relation 

A< 7 = ^V.(KHVT m )-^Hu m .VT m -p C H^f + HO) m =0 (37) 

y y dt 

where the subscript m denotes a variable averaged in the transverse direction of the film y, 
Aq the residual heat flow (per unit area), u = {u, v, w} the lubricant velocity vector, K the 
thermal conductivity of the lubricant film mixture, c the specific heat and O the power 
dissipation density function. 

Equation (37) ensures the continuity of the energy, by imposing that the net heat exchanged 
by the columnar element of fluid shown in Fig. 1 balances the variation of internal energy 
and the heat dissipation in the same volume. The heat flow through the walls of the 
columnar element is 

q = --KVT m (38) 

y 

The conduction in the oil film plane (x, z) is not taken into account in the original equation 
devised by Kumar & Booker, as the problem solution is dominated by convection. The 
conductive term has been introduced in eq. (37) only for numerical convenience, in order to 
take advantage of SUPG stabilization (paragraph 5.3). 

5.2 Quasi-3D model 

Equation (37) can be modified in order to take into account the heat flux from the lubricant 
film into the two members of the pair. In this case, the heat absorbed by the film is equal to 
the difference between the viscous dissipation and the total heat exchange. 
Therefore, the following equation is used in the thin film region Q 



\v.(KHVT m )-p C -Hyx m .VT m -pcH^ 
y y dt 



A (? = -V.(KHVT m )-p-Hu m .Vr m -p C H^f + HO m - (?0 - (?1 =0 (39) 



where qo and qi are the heat transfers (per unit area) to surface and 1, respectively. 

They are calculated by obtaining the temperature gradients at the walls, in the hypothesis 

that the temperature profile across the film thickness is a fourth-order polynomial. 
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According to the procedure explained in detail in the previous reference work (Stefani & 
Rebora, 2009), the five coefficients of this polynomial can be calculated by: 
a) equating the film temperature at the walls with the temperatures To and Ti calculated by 
the heat conduction equations on surface and 1 respectively; b) imposing that the average 
temperature in the y direction is equal to T m , namely the unknown of eq. (39). The resulting 
heat exchange at the wall surfaces is 



%= K 
qi =K 
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M 5T _Z T _ 3 T -^H 2 + —T^H 2 

R \ m 2 2 1 g 24 1 
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-T[W 



(40) 



where T"o and T"i are the derivatives d 2 T/dy 2 at the surfaces and 1, respectively. 
They can be obtained by projecting the 3D energy equation on both the kinematic pair 
surfaces. Particularly in steady-state conditions (dT/dt=0, dH/dt=0), under the further 
assumptions that the temperature on surface 1 does not depend on the x coordinate 
(dTi/dx=0), evaluating the 3D energy equation on surfaces and 1 yields respectively 



d 2 T 

d 2 T 



y=0 



y=H 



1 On 

--O(x,0,z) = --=-^ 



1 On 

= &(x,H,z) = 1 - 

K V } K 



(41) 



The hypothesis dT/dx=0 on surface 1 is extensively adopted in the analysis of journal 
bearings, where the shaft rotation flattens the circumferential variations of temperature 
(Kucinski et al., 2000). An analogous phenomenon may occur in thrust bearings due to the 
collar rotation. 

The hypothesis dT/dt=0 complies with the analysis of steadily loaded bearings. It is also 
sufficiently realistic in the simulation of dynamically loaded bearings, as the variations of 
temperature distribution in the bearing structure over one load cycle are not very significant 
in comparison with film temperature changes (Kim & Kim, 2001). Nevertheless, equation 
(41) does not take into account the heat convection due to squeeze and it must be modified 
to deal with dynamic loading conditions. In addition a full transient thermal analysis 
(dJ/dt^O) requires special techniques (Fatu et al., 2006). 

Equation (41) implicitly includes the velocity boundary conditions u = for y = as well as 
v = y U dH/dx, w=0 for y = H, so that the derivatives T"o, T\ become independent of heat 
convection. Such a deduction, proved in the previous reference work (Stefani & Rebora, 
2009) dealing with journal bearings, has been extended to thrust bearings by taking 
advantage of the reference system choice (paragraph 3.1). 



5.3 FEM formulation and stabilization 

The following SUPG-stabilized integral form of eq. (39) (and eq. (37) as particular case) is 
here proposed 
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where 
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In eq. (43) T m t- At is the (averaged) film temperature calculated at the previous time and K is 
the following diffusivity matrix 



K = 



KH + cCT SUPG u m 2 

r< SUPG 
CC T W„ U„ 



cCT™ PG U m W m 

KH + cCt supg wJ 



(44) 



where C is a reference clearance value. Specifically C=Cb for complete cylindrical journal 
bearings (eq. (10)) and C = hp"* (reference film thickness at pivots) for thrust bearing 
assemblies (eq. (11)). As in the last case the film thickness at pivot hp is a variable and a fixed 
parameter for all the time steps is required in the stabilization procedure, a suitable reference 
thickness at pivot h^ ei is chosen (i.e. for most thrust bearings a good value of hp"* is 50 |um). 
In order to avoid wiggles in the temperature distributions retrieved from eq. (42), the t supg 
stabilizing parameter is calculated by means of eq. (36), with a u P=l, (3 u p=0.5, and u s = | u m | . 
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Fig. 6. Streamline across a 4-node isoparametric finite element, where O e (^, rj) is the element 
reference system and G is a Gauss point 
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As the integrals in eq. (43) are evaluated by means of the 2-points Gauss quadrature, the length 
As in eq. (36) is calculated along the streamline across every Gauss point G, as shown in Fig. 6. 
Since convection typically dominates diffusion along the flow direction, the added 
streamwise diffusion does not compromise the accuracy of the solution in this direction. In 
addition no deleterious cross-stream diffusion is added. 

5.4 FEM groove mixing theory 

If the region Q g is the projection in the (x, z) plane of the g th groove fed with supply oil at 
temperature T s , the average film temperatures T mQg and T mrg are assumed to be uniform 
throughout Q g and its boundary T g , respectively. The proposed algorithm is based on the 
simple idea that the residuals of the integral energy equations calculated at nodes belonging 
to the grooves must be involved in the calculation. This enables us to assess the entry 
temperature, which experimental evidence suggests is higher than the oil-feed temperature. 
An approximated energy balance provides the additional equation needed to evaluate the 
unknown entry temperature T mrg . 

Ni being the i th shape function, n the number of the nodes in Q, n g the number of the nodes 
in Q g , and nb g the number of nodes lying on the groove boundary T g , the energy-balance 
equation for the oil flows that mix in T g is given by 



Y?J n KM g r 2 dn + It 4 N <WdT + cj r N t m.n r dr(T mrg - T s ) - 
= Z"!i A Q. X + A Qi +cAM,(T mrg -T s ) = 



(45) 



where Aq g and AQi§ are the local and the integral residual at node i, respectively, of the 
energy balance in the groove domain Q g , described below. In eq. (45) AQi and AMi are the 
weighted residual (calculated at node i) of the energy and thin film mechanics equations 
integrated in Q according to eqs. (42) and (34), respectively. Q g is not a thin film region and 
therefore it is not a part of the integration domain Q. Hence in Q g the specific energy 
balance equation at node i is required to conserve energy and to determine T mQg 



AQ i S=\ Q N i Aq g y 2 dn = 
In eq. (46) Aq g evaluates the net heat flow in the region Q g , calculated by 
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where H g is a groove equivalent thickness, O g is the groove power dissipation density 
function, cto is the ratio between the effective conductive area of the grooves (lying on 
surface 0) and their total area projected on surface and 1, and qo g , qi g are the heat flows 
exchanged with the surface and 1, respectively, in the region Q g ; qo g and qi g are given by 
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Equation (48) has been obtained by combining eqs. (40) and (41). Hence, eq. (48) does not 
hold for a thick film in a general case, but remains valid if the groove hydrodynamic 
behavior is simulated as an equivalent Couette flow (in laminar regime with negligible body 
forces) into a gap of uniform thickness H g with each wall at uniform temperature. In this 
hypothesis, if the relevant shear stress is denoted by x g , the groove power dissipation 
density function ® g at the walls and its mean value ® gm are given by 

^=^o=^=V=^41r (49) 

8 8 

where the friction factor X characteristic of the groove type, is defined by 

A = -^ (50) 

Application of the FEM groove mixing approach to the study of different types of grooves is 
made possible by means of a reasonable choice of the characteristic parameters X and H g . 
The Wendt (Wendt, 1933) and the surface drag losses (Khonsari & Booser, 2008) empirical 
formulas have been used to assess the friction factor X for journal and thrust bearings, 
respectively. 

5.5 Structural and thermal simulation of the pairs 

Steady-state elasticity and heat conduction equations must be solved in the structures of the 
kinematic pair members to assess the displacements due to mechanical as well as thermal 
actions and the temperature of the bearing surfaces due to heat dissipation in the lubricant 
film. By taking advantage of the related problem linearity as well as of FEM condensation 
procedures, the thermoelastic displacements di and the thermal fields Ti of the two surfaces 
(i=0, 1) are obtained by means of linear operators, which numerical counterparts are 
represented by suitable vectors and matrices. They may be calculated in a preprocessing 
phase, by means of a separate (commercial) FEM code, i.e. Ansys, which is very flexible and 
suitable to perform complex operations thanks to the APDL language. 

The displacements due to mechanical actions d m i and due to thermal dilatation d^ are 
evaluated separately, so that di=d m i+d t i. 

In order to compute mechanical displacements d m i (in the y direction) of the two surfaces 
(i=0, 1), the following linear expression is used 

d m i =d me i +C m l Ap (51) 

where d me i is the additional displacement due to external mechanical actions, C m i is the 

compliance operator of the structure and A is a suitable area operator. 

A typical external action is the bolt preload in connecting rod journal bearings, which leads 

to the d me i contribution. For journal bearings the displacement direction is radial and the 

mean displacement of the bearing surface must be subtracted (paragraph 3.2). The 

assumption d m i=0 is very usual for both journal and thrust bearings, as shaft and collar are 

much stiff er than bush and pads. Details about the calculation procedure can be found in 

many papers (i.e.: Bonneau & Hajjam, 2001). 

In order to compute the thermal field Ti on the two surfaces (i=0, 1), the linear equation is 
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T t -T e =r,+S,A q , (52) 

where T e is the external temperature, T e i is the temperature field due to essential boundary 
conditions on a part of the thermal model, and Si is referred to as thermal sensitivity 
operator. T e is the bulk temperature of the air surrounding the structure, whereas heat 
convection boundary conditions are used to model the heat exchange with the environment. 
Essential boundary conditions on the groove surface (To=T s on Q g ) may be useful in order to 
simulate the heat exchange between cold lubricant and hot metal, which is influential when 
T s value is not much higher than T e . In such a case T e i must be computed, unless the 
temperature T e and T s are assumed to be equal as in the plain bearing studied in the 
reference work (Stefani & Rebora, 2009). The same paper deals with the procedure required 
to calculate the tensors for the discretization of eq. (52), except T e i. 

In order to compute thermal displacements d*i (in the y direction) of the two surfaces 
(i=0, 1), the linear expression is 

d t i =d te i +C t i Aq i (53) 

where d te i is the additional displacement due to essential temperature boundary conditions, 
Ci is the thermal compliance operator. In eq. (53) d te i is the displacement due to the 
temperature field T e i discussed above. The assessment of C\ is discussed in the above-cited 
reference work, where it is expressed as the product of two tensors, evaluated in separate 
thermal and structural analyses. Indeed C\ may be also estimated directly by resorting to 
coupled-field solid elements. 

6. Application examples 

6.1 Journal bearing 

In order to show the degree of reliability of the above-explained methods, a comparison 
among experimental and numerical results is presented for the two-axially grooved journal 
bearing studied by Lund (Lund & Tonnesen, 1984). Extensive bibliography, simulation 
details, assumed bearing data and boundary conditions are reported in the reference work 
(Stefani & Rebora, 2009). Fig. 7 shows the trends of the temperature To (on the bush surface) 
along the bearing centerline for a shaft rotation speed of 5000 rpm and an external load of 
5600 N. The responses of the 2D THD model and the quasi-3D TEHD model (with ao=5 in 
eq. (47)) are compared. 

Particularly, the 2D model (dotted line) strongly underestimates the experimental 
temperature, as explained in the reference work. The dash-dotted line is obtained by 
assuming, in agreement with the reference and the Lund's work, that the temperature of the 
effective area 2 cto Q g exchanging heat with the oil film is constant and equal to the supply 
oil temperature T s (hypothesis A). Such an assumption means that To=T s is imposed in eq. 
(48), but the groove surface temperature in the thermal model is free (T e o=0 in eq. (52)), so 
that the dash-dotted line exceeds Ts=50°C in the groove regions (85°<3<95° and 265°<3<275°) 
in Fig. 7. Although such response seems to be realistic by the physical point of view, as a 
limited variation of the white metal temperature through the groove region is expected, the 
hypothesis A requires different assumptions in different sub-models. Differently the solid 
line has been obtained by imposing To=T s in Q g coherently in all of the sub-models 
(hypothesis B). In the present bearing study, the supply temperature is greater than the 
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Fig. 7. Centerline temperatures on the bearing surface calculated by means of the 2D model 
and the quasi-3D model (two-axial groove journal bearing, co=5000 rpm, Fx=5600 N) 

external temperature (T S =50°C, T e =20°C) and, therefore, the thermal simulation requires the 
calculation of the term T e o in eq. (52) in order to fulfil hypothesis B. Accordingly To=T e has been 
imposed on Q g while calculating the corresponding sensitivity matrix (term So in eq. (52)). 
The adoption of either hypothesis A or B enables the heat exchange between the structure of 
the bush and the lubricant in the grooves to be simulated. The lack of such modelling detail 
causes, in the present case, a bush peak temperature overestimation of roughly 10°C. 
Although hypothesis A yields a better temperature trend than hypothesis B, it leads to an 
underestimation of the journal temperature that is evident in the cited Lund's paper too. A 
comparison among journal temperature results is reported in Table 1, where axially 
averaged values are calculated for the one-dimensional journal sub-models adopted in the 
quasi-3d analyses (see the reference paper for details). 





Experiment 
(Lund & Tonnesen) 


Quasi-3D 
(hypothesis B) 


Quasi-3D 
(hypothesis A) 


Lund 
calculation 


Ti [°C] 


77.8 


78.7 


74.5 


73.1 



Table 1. Journal temperatures: experimental vs. numerical results (average values) 



6.2 Thrust bearing 

Another comparison among experimental and numerical results is presented for the tilting- 
pad thrust bearing studied by Glavatskikh, who published accurate experimental results 
(Glavatskikh, 2001). This publication also furnishes the bearing data needed by the analyses. 
The thermal and the thermoelastic behavior of the thrust bearing is taken into account (in 
the quasi-3D analysis) by means of a 3D model of the pad and 2D axisymmetric model of 
the shaft-collar assembly (Fig. 8). The choice of an axisymmetric collar model complies with 
the assumption dTi/dx=0 (paragraph 5.2). 
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PAD MODEL 



symmetry line 





Fig. 8. Finite element models of the thrust pads and the shaft-collar assembly 

In the pad thermal and thermoelastic models, used to calculate the thermal sensitivity So (eq. 
(52)) and the thermal compliance Go (eq. (53)) respectively, convective heat transfer 
boundary conditions are assumed for all of the thrust pad surfaces except the babbitt face 
(surface 0) where the nodal heat flows are applied. 

Analogous temperature boundary conditions are adopted for the collar (in Fig. 8 the red 
lines locate the convective surfaces) and, in addition, symmetry (natural) boundary 
conditions are reasonably assumed in order to model only a quarter of the shaft, as the test 
rig is made by two opposite thrust bearings. The heat transfer coefficient and the bulk 
temperature are set to 50 W nv 2 °G 1 and 20°C, respectively, for all of the pad and shaft-collar 
convective surfaces. 

Different displacement boundary conditions are imposed in the assessment of the thermal 
compliance C\ and the structural compliance C m i (eqs. (53) and (51), respectively). 
In the former case, the outer surfaces of both the thrust pad and the shaft-collar assembly are 
left free to expand and only the in-plane displacements of a suitable number 1 of nodes lying 
on these surfaces have been constrained to avoid ill-conditioning. In the latter case, a small 
portion of the pad bottom surface around the pivot has been constrained from moving and, 
in addition, the radial displacements of all of the pad nodes located on the outer and inner 
diameters are constrained. The collar is assumed to be much stiff er than the pad (C m i=0) 
and for both the pads and the collar no external mechanical action is considered 
(d me o=d me i=0 in eq. (51)). The shaft-collar symmetry constraint is enforced in the 
thermoelastic model by locking the axial displacement of all of the nodes lying on the 
symmetry line (Fig. 8). 

As the metal on the bottom of the groove cavity (the carrier ring) is not simulated, the 
lubricant in the inner groove region is assumed to remain, on the average, at the supply oil 
temperature (T mQg =T s ), while the groove boundary mean temperature T mrg is still an 
unknown of the problem. Consequently, no essential temperature boundary conditions on 
the groove surface Q g are required on both thermal and thermoelastic models (T e i=d te i=0 in 
eqs. (52) and (53)). 

The universal Reynolds equation (eq. (9)) has been used to obtain the results reported below 
for 1 MPa specific load (Fz=26130 N) and T S =40°C supply temperature. Radial tilt of pads is 
neglected (5oi=0). For the quasi-3D model, the coefficient cto (eq. (47)) is increased from to 5 
when the rotation speed decreases from 3000 rpm to 1500 rpm, as the heat transfer in the 



L 4 nodes for the pad 3D model, 3 nodes for the shaft-collar 2D model 
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grooves is more efficient at low speed, when the lubricant flow rate entering the fully 
flooded pad inlet is low in comparison with the (constant) flow rate supplied to the test rig. 
Fig. 9 shows the variation with the shaft rotation speed of the pad (surface 0) temperature 
T75/75, assessed at a location r 7 5=R+0.75 (R e -R), O 7 5=^Li+0.75(3i (Fig. 3), of the collar (surface 1) 
temperature T75 at the location r=r75, and of the shaft temperature T s at the location r=0 (on 
the pivot plane). For the 2D model, which does not evaluate wall temperatures, only the 
mean film temperature at the point (V75, $75) is reported in Fig. 9. Again, in comparison with 
the reference experimental results, the 2D model strongly underestimates the temperatures, 
while the quasi-3D model ensures a good level of reliability. In the same Fig. 9 the calculated 
oil flow rate M is also given. The oil flow rate supplied to the test rig is 15 1/min. Excess 
flow, beyond what is needed hydrodynamically, acts to provide overall cooling to the 
bearing. Therefore the assumed variation of ao with the rotation speed is well-justified. 
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Fig. 9. Pad (T75/75), collar (T75), shaft (T s ) temperature and calculated flow rate (M) 

The corresponding variations of the power loss P and of the film thickness at the pad inlet 
and outlet (hi and I13, respectively) are given in Fig. 10. The temperature underestimation of 
the 2D model leads to unreliable predictions of the film thickness. 

Fig. 11 a) compares the experimental and theoretical (quasi-3D model) circumferential 
variations of pressure P25 and P75 evaluated at r25 and r75, respectively, for co=3000 rpm. By 
removing the constraint 5^1=0, the differences between theoretical and experimental peak 
pressures increase. For the same rotation speed, Fig. 11 b) shows the pressure distribution 
calculated by means of the quasi-3D model on the 6 pads of the bearing. The maximum 
value of this distribution is 2.4 MPa, which is very close to the peak of the experimental 
pressure P75 (2.3 MPa). 

The overall agreement between numerical and experimental results might be further 
improved by taking into account the variation of the viscosity across the film thickness. 
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Fig. 10. Power loss (P) and film thickness at pad inlet (hi) and outlet (I13) 
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Fig. 11. Hydrodynamic pressure for oo=3000 rpm: a) circumferential variations (p25, P75); b) 
pressure field computed by means of the quasi-3D model 



7. Conclusion 

A general-purpose FEM approach to the TEHD analysis of hydrodynamic bearings has been 
described, focusing on the theoretical aspects, whereas the relevant numerical procedures 
are reported in a large number of papers. Particularly, the most used FEM formulations of 



474 New Tribological Ways 

the mass-conserving lubrication problem have been proved, while an original approach to 

the thermal problem has been explained. 

The numerical examples show how the quasi-3D approach has enhanced the reliability of 

the mass- and energy-conserving lubrication analysis proposed by Kumar and Booker. 

Indeed, TEHD models are very sensitive to boundary conditions, which choice is 

particularly difficult in all of the multi-physics simulations. 

Future work will adapt the devised method to detailed transient analyses and it will further 

extend the model flexibility by including advanced turbulent lubrication theory. 

8. Appendix 

Let f and F be scalar and vector-valued functions respectively. A variant of the divergence 
theorem states 

J n (F.V/ + /V.F)dn = J r /F.ndr (Al) 

where T is the boundary of Q oriented by the outward-pointing unit normal n. 

If V r is the Eulerian velocity at the boundary T, the Reynolds transport theorem generalizes 

the Leibniz's rule to multidimensional integrals as follows 



{U d ^=Ll d ^y Y ^ dT ( a2 ) 



d_ 
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1. Introduction 

Because of their precision, gas bearings are widely used for very high speed spindle 
applications. Compared to conventional oil bearings, gas bearings generate less heat and do 
not pollute the environment. Air viscosity is three orders of magnitude lower than oil, so the 
power dissipated in gas bearings is very low. The major disadvantage of these bearings is 
rotor whirl instability, which restricts the possible range of applications. 
Researchers have studied this problem using different methods since the '60s. Gross first 
applied a perturbation method to evaluate the stability of an infinitely long journal bearing 
(Gross & Zachmanaglou, 1961). Galerkin's method was used by others to calculate rotor 
speed and mass at the stability threshold (Cheng & Pan, 1965). Lund investigated the 
stiffness and damping coefficients of hydrostatic gas bearing, and used these coefficients to 
investigate whirl instability (Lund, 1968). Wadhwa et al. adapted the perturbation method 
to calculate the dynamic coefficients and to study the stability of a rotor supported by orifice 
compensated gas bearings (Wadhwa et al., 1983). Results show that aerostatic bearings have 
a larger load capacity and higher stability than plain journal bearings. Han et al. proved that 
more circumferential supply ports result in increased stiffness coefficient but reduced 
damping (Han et al., 1994). Others found that orifice-compensated and shallow-pocket type 
hybrid gas journal bearings offer better stability than eight-orifice type bearings (Zhang & 
Chang, 1995). 

Also porous journal bearings were studied (Sun, 1975) and compared against hybrid gas 
bearings with multi-array entries (Su & Lie, 2006), (Heller et al., 1971). Despite the fact that 
damping is generally higher in porous bearings than in aerostatic bearings, the results of (Su 
& Lie, 2006) suggest that at high operating speeds, multi-array entry bearings are more 
stable than porous bearings. 

Other studies (Andres, 1990), (Sawcki et al, 1997), (Yoshikawa et al, 1999) considered 
various pressurized air compensated configurations, but very few papers analysed the 
influence of the number and location of entry ports. 

In (Su & Lie, 2003) hybrid air journal bearings with multi-array supply orifices were 
compared to porous bearings. One to five rows of orifices were considered. It was found 
that five rows of supply orifices perform as well as porous bearings, whilst supply orifice 
feeding has the advantage of consuming less power than porous feeding. Paper (Yang et al., 
2009) compared bearing systems with double-array orifice restrictions to three and six entry 
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systems. Results show that the stability threshold is better with six-ports than with three 
ports. 

In (Colombo et al., 2009) the authors analysed two externally pressurized gas bearings, one 
with a central row of supply orifices, the other with a double row. The supply port 
downstream pressure was found to be proportional to the critical mass. At this pressure 
reading, the second bearing type was 30% stiff er and 50% more stable. 

The aim of this work is to compare three externally pressurized gas journal bearings at 
given air consumption rates. The idea was to investigate which offers the best spatial 
distribution of supply orifices under the same pneumatic power. The study compared radial 
stiffness and pressure distribution for the three bearing types, also evaluating the damping 
factor and the whirl ratio of the shaft. The stability threshold was calculated for different 
restriction parameters so that the proposed bearing types could be compared. 

2. Description of the problem 

The object of the study was a rigid rotor supported by two identical gas journal bearings 
situated symmetrically with respect to the journal centre. The rotor, with diameter D=50 
mm, was considered to be perfectly balanced. The radial air clearance was ho=20 |um and the 
bearings had L/D ratio equal to unity. 

Three bearing types were considered, as illustrated in figure 1. Bearing type 1 featured four 
supply ports situated in the centre plane of the bearing; bearing type 2 featured two sets of 
supply ports, situated at z=L/4 and z=3L/4; bearing type 3 also featured a central vented 
circumferential chamber. 

The three bearing types were comparable in terms of stiffness and damping coefficients, air 
consumption and stability. In (Colombo et al., 2009) the authors compared bearing types 1 
and 2 (see figure 1) considering the same supply port diameter d s . The bearing with double 
array entries (bearing type 2) was found to be 30% stiff er than the one with a single central 
array (bearing type 1) but the air consumption was two times as much. Moreover, bearing 2 
was more stable: the rotor mass at incipient whirl instability was about 50% greater. 
Another point of interest was which bearing type was to be preferred for the same level of 
air consumption. In this paper the bearings illustrated in figure 1 were compared 
considering different supply port diameters in order to have the same air consumption. 

3. Lubrication analysis 

3.1 Mathematical model 

The two-degree-of-freedom rotor equations of motion are shown in (1). The rotor mass is m. 
As the shaft was assumed to have cylindrical motion, gyroscopic effects and tilting inertia 
moments are non-existent. The second member of the equations is zero because the rotor 
was assumed to be perfectly balanced and there were no external forces applied to it. This 
was the most unstable condition, as shown in (Belforte et al., 1999). 
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Fig. 1. Bearing types under study 

The pressure distribution in clearance h was calculated solving the distributed parameters 
problem described by the Reynolds equation for a compressible-fluid-film journal bearing 
(2), assuming isothermal gas expansion. 
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Mass flow rate G at supply orifice was calculated in accordance with the isentropic 
expansion formula (3), corrected by experimentally identified discharge coefficient ca, 
expressed by eq. (4). Reynolds number at the supply hole was calculated as per equation (5). 
Formula (4) is the result of an extensive set of experimental tests carried out on air pads with 
different inherence parameters (Belforte et al., 2008). 
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Assuming a cylindrical shaft motion, the clearance may be expressed by the following: 

h(z) = hAl-s x cos6-s sin<9) (6) 

3.2 Solution method 

The Reynolds equation was discretized using a finite difference method along directions z 
and 6 for integration over the fluid film. A rectangular grid with equi-spaced nodes in both 
directions was considered. The number of nodes in the axial (index i) and circumferential 
(index ;) directions were n and m respectively. Equation (2) may be written for each node as 
follows: 
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At the supply port Gi,j was calculated using equation (3), whereas elsewhere it was zero. The 
boundary conditions imposed were: 

• p=p a at z=0 and z=L; for bearing type 3 p=p a also at z=L/2 

• periodic condition at 6=0 and 6=2n. 

The Euler explicit method was used, so equation (7) becomes: 



p>f=pi j+ At-f 



Pi,j>Pi,j + i > Vi,j-\ > Pm,j > Pi-i.j > hj > Kj 



dh 



(8) 



The system of nxm equations (8) was solved together with equations (3) to (6) and rotor 
equations of motion (1). 
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The solution procedure started with a set of input data (shaft diameter, radial clearance, 

bearing axial length, position and diameter of supply orifices, shaft speed). 

To calculate the static pressure distribution, h was maintained constant in time and the 

system was solved with initial condition pi,)=pa for each node. 

Pressure distribution was evaluated at each time step and the bearing forces acting on the 

shaft were updated in equation (1). Thus, the rotor trajectory was determined starting with 

the initial static pressure distribution and using the following set of initial conditions: 

x(o) = v*(o);y(o) = V y (o) 
*(o) = v*(0);y(o) = V y (0) 

3.3 Mesh size and time step definition 

Calculations were made with different mesh sizes and the results were compared for 
optimum trade-off between computational time and accuracy of the solution. 
The grids are detailed in table 1. 



nxm 


Az (mm) 


rA0 (mm) 


13x24 


4.17 


6.54 


17x32 


3.12 


4.91 


25x48 


2.08 


3.27 


49x96 


1.04 


1.64 



Table 1. Mesh sizes used in calculations; r=25 mm, L/D=l 

Figure 2 shows the axial and circumferential pressure distributions obtained for bearing 
type 1 with different numbers of grid points. If the number of grid points is increased, the 
pressure distribution becomes more clearly defined, but the difference is almost negligible. 
Only at the supply ports, where pressure gradients are high, the difference is more marked. 
The grid selected for calculation was n=49, m=96. 
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Fig. 2. Axial and circumferential pressure distributions for bearing type 1 obtained with 
different mesh grids; ho=20 urn, p s =5-10 5 Pa rel., d s =0.1 mm, ^y=60 krpm, £=0 
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Euler explicit method was used to solve the time progression of the system. The rotor 
trajectories obtained with different time steps At are compared in figure 3. 
The rotor initial conditions were: 

*,(0) = 0;* y (0) = 

s,(0) = 0;s y (0) = 

The trajectories are increasingly adjacent with decreasing At. The time step used in the paper 
was At=W- 7 s. 
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Fig. 3. Rotor trajectories with bearing type 1 obtained with different time steps and grid 
25x48; initial conditions specified by £ x (0)=0.05, £y(0)=0, s x (0) = 0,z y (0) = , h =20 urn, 
p s =5-10 5 Pa rel., d s =0.1 mm, cu=60 krpm 

4. Discussion and results 

4.1 Resistance analysis 

The air supply system may be described with an equivalent lumped parameters system, 
illustrated in figure 4. 

Orifice restriction resistance R s is related to the supply ports and decreases with increasing 
diameter d s . It may be calculated using linearizing expression (3) with respect to 
downstream pressure p c . Clearance resistance Rh depends on clearance ho, on bearing 
dimensions size and on the arrangement of the supply ports. It is obtained by solving the 
distributed parameters problem and calculating pressure distribution in the clearance. 
Imposing mass continuity in the lumped parameters system of figure 4, supply port 
downstream pressure p c can be obtained by 



Vc=Vs 






iVs-Va) 



(9) 
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This pressure depends both on the supply system and on clearance: at reduced d S/ supply 
port downstream pressure p c approximates ambient pressure p a , whereas with increased d s it 
approaches supply pressure p s . 

Analysis of resistances at different supply pressures with the shaft rotating in central 
position was performed for bearings 1 and 2 in (Colombo et aL, 2009) which shows the 
relationship between supply port diameter d s and downstream pressure p c , confirming that 
the influence of bearing number A on p c with rotor in centred position is almost negligible, 
and air consumption is almost independent of speed. 



y, 



^H M-p.^ 



• C R h P a 



Fig. 4. Lumped parameters model of the restriction and clearance resistances 

4.2 Air consumption 

The three bearings of figure 1 were compared in terms of air consumption, as shown in 

figure 5. The air mass flow was calculated as a function of the clearance for different supply 

port diameters. At reduced d s , the air consumption for bearing types 2 and 3 was quite 

identical. Only for d s =0.2 mm a difference was noted at reduced clearance. The air flow in 

different bearings (for different resistance Rh) was found to be the same for supply orifices 

in critical conditions, when air flow is only a function of p s . 

As air consumption is a function of d s and ho, the supply ports diameter is determined at 

specific rates of air consumption G, as shown in table 2. 

Bearing type 1 was not considered for the last two values of G because the volume of air 

passing through its orifices when p c =p s (in this condition R s =0) was lower than these values. 
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Fig. 5. Air consumption of the three bearings vs. air clearance for different supply port 
diameters; calculations are for A=0 and with rotor in central position; p s =5-10 5 Pa rel. 



484 



New Tribological Ways 



bearing type 


diameter d s [mm] 


air flow G10 4 [kg/s] 


1 


0.155 




2 


0.1 


0.5 


3 


0.1 




1 


0.383 




2 


0.2 


1.42 


3 


0.2 




1 


0.8 




2 


0.282 


2.14 


3 


0.275 




2 
3 


0.4 
0.372 


2.94 


2 
3 


0.6 
0.8 


4.28 



Table 2. Supply port diameter d s considered in calculations for the three bearings at different 
air consumption G; p s =5-10 5 Pa rel. 

4.3 Pressure distribution 

Figures 6 and 7 compare the axial and circumferential pressure distributions in the three 
bearings with rotor in central position and restriction parameters specified in table 2. Bearing 
type 1 shows a lower ratio R s /Rh than the other bearings because its maximum pressure is the 
highest. At G=0.5'10- 4 kg/s all bearings have orifices in sonic conditions, being p c /p s <b. At 
G=2.14'10- 4 kg/s bearing type 1 is near saturation condition (p c ~p s ). Speed stretches the 
circumferential pressure profile toward the direction of rotation, as visible in figure 7. 



4.4 Bearing stiffness 

Bearing stiffness was calculated by imposing a shaft displacement of 1 |um along direction x 
and evaluating the bearing reaction force. 
Bearing stiffness k was 



where the stiffness coefficients calculated in steady-state conditions were 
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Non-dimensional stiffness k*, given by 



k*=k- h ° 



PaLD 



(11) 
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Fig. 6. Axial pressure distribution in the three bearings with &>=0 and &>=200 krpm for five 
different air consumption rates; restriction parameters are specified in table 2, /zo=20 |um, 
p s =5-105 Pa rel, £=0 
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is shown in figure 9 vs. A for the three bearings, considering different restriction parameters. 
Figure 9 also shows steady-state attitude angle p, calculated as follows: 






(12) 




Fig. 8. Bearing reaction force on the journal in steady-state conditions due to shaft 
displacement along direction x 

Stiffness increased with A up to saturation (v4>100). At G=0.5-lO 4 kg/s bearing type 1 was 
found to be stiffer than the other two, regardless of A, but at higher air consumption bearing 
type 2 exhibited greater stiffness at low speeds (A<9). 

With the three bearings in sonic conditions (G=0.5'lO 4 kg/s) stiffness trends do not intersect 
and their difference was almost constant. When bearing type 1 approached saturation 
(p c ~p s ), its stiffness at low speed dropped (see case with G=1.42'10 4 kg/s). This happened 
also for bearing type 2, but at greater air consumptions. Stiffness at high speeds (vi>100) 
always increased with G. At G=4.28'10 4 kg/s, stiffness at low speeds for bearing types 2 and 
3 coincided at very low values, due to saturation of bearings. 

The attitude angle, with increasing A, also increased from zero to a maximum and then 
returned to zero. The extent of maximum depended on the difference between bearing 
stiffness at low and high speeds: where this difference was high, also maximum /?was high. 
Table 3 shows ratio fc*(/l>100)//c*(yl=0) for the three bearings to highlight this relationship. 



4.5 Rotor trajectories 

The whirl motion of the perfectly balanced rotor during rotation is represented in figure 10. 
The motion can be stable or unstable. In the former case the rotor is attracted toward the 
centre of the bushing after initial disturbance; in the latter case the bearing forces move the 
rotor away from central position. 
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Table 3. Ratio k*(A>100)/k*(A=0) for the three bearings given different air consumptions G 
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Fig. 9. Non-dimensional bearing stiffness k* and attitude angle /?vs. bearing number A for 
the three bearings 
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The initial condition used in the following curves are specified by 

e x (0) = 0.05;s y (0) = 

i(0) = 0;y(0) = 

Initial tangential speed was imposed on the rotor to produce a centrifugal force equal to the 
static radial force. This particular condition was adopted to decrease the simulation time 
required to distinguish stability from instability. In fact, with a different initial condition on 
y , the trajectory would have been less circular, necessitating simulation of a longer 
transient. Stability decreased with increasing rotor mass m: figure 10 shows a comparison of 
rotor trajectories obtained for the same initial condition but at different values of m. The 
rotor-bearing system became unstable when the dynamic attitude angle turned negative, as 
shown in figure 11. In the stable condition the rotor angular moment, calculated relative to 
the centre of the bushing, decreased with time. In unstable conditions, the mechanical work 
done by bearing forces was found to be positive and the rotor angular moment increased 
(see figure lib). The curves in figure 11 help distinguish stable versus unstable conditions, 
as resulting when compared to figure 10. 
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Fig. 10. Rotor trajectories with different rotor masses and initial condition x(0)=l |um, 
dy/dt(0)=x(0)-(k xx /m) A (0.5); c^20 krpm, bearing type 1 
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Fig. 11. Attitude angle vs. time (a) and rotor angular moment vs. time (b) with different 
rotor masses and initial condition x(0)=l urn, dy/dt(0)=x(0)-(k xx /m) A (05); ca=20 krpm, 
bearing type 1 

The three bearings are compared in figures 12 and 13, showing the rotor trajectories for 
identical initial condition, the attitude angle vs. time and the rotor angular moment vs. time. 
In this case bearing types 1 and 2 are very similar, while bearing type 3 is unstable. 




Fig. 12. Rotor trajectories with the three bearing types; m=l kg, co=50 krpm; initial conditions 
x(0)=l urn and dy/dt(0)=x(0y(k xx /m) A (0.5). 
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Fig. 13. Attitude angle vs. time a) and rotor angular moment vs. time b) for the three bearing 
types; m-\ kg, co=50 krpm; initial conditions x(0)=l |um and dy/dt(0)=x(0)-(k xx /m) A (0.5). 

4.6 Bearing damping factor 

Stiffness and damping coefficients of gas bearings are known to depend on bearing number 
A and also on whirl frequency v. Stability may also be evaluated through the equivalent 
damping factor calculated by identifying the system with a second-order differential 
equation having constant coefficients: 



- ex + kx = 



The damping factor is expressed by 



l^lkm 



and the radial coordinate of the journal centre is 



'(o)< 



-C& n t 



where the natural frequency is 



(13) 



(14) 



(15) 



(16) 



The journal motion is stable when described by a spiral which decreases with time. In this 
case £ is positive. When the damping factor is negative the spiral increases with time. 
Figure 14 shows damping factor <^vs. m for G=0.5'10" 4 kg/s. In this case bearing type 3 
exhibited lower damping capacity than the other bearings. 



4.7 Whirl ratio 

The shaft whirl frequency vs. m is shown in figure 15 for G=0.5'lO 4 kg/s. The whirl 
frequency decreases with m and increases with co. The rotor mass at stability threshold is 
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Fig. 16. Whirl ratio y vs. ra/ra t h at different speeds; bearing type 1, G=0.5'10- 4 kg/s 

indicated as rath. Figure 16 shows whirl ratio y vs. ratio ra/rath. At the stability threshold it is 
slightly lower than 0.5 and decreases with shaft mass ra. 

4.8 Stability threshold 

Figure 17 shows rotor mass ra vs bearing number A at the stability threshold for the three 
bearings. On logarithmic axes the curves are linear and may be expressed by 



log 10 ra - log 10 ra = a (log 10 A - log 10 A 



(17) 



where rao and Aq refer to a reference condition. Angular coefficient a is -2 approx. From this 
equation we obtain the following relation: 



V A o 



(18) 



The stability thresholds with different inherence parameters were found to be similar, but 
translated to different mass values. 



4.9 Comparison of bearing types at different restriction parameters 

Figure 18 shows the trends of bearing stiffness vs. G for co=0 rpm and ay=200 krpm, and 

figure 19 shows critical journal mass rath vs. G. The order of preference of the bearings 

changes when different air consumption rates are considered. 

If stiffness at low bearing numbers is the most important parameter, bearing type 1 is the 

best option only for G<0.5'10 4 kg/s, in other cases bearing type 2 is to be preferred. If it is 

important to maximize the bearing stiffness at high bearing numbers bearing type is to be 

chosen. 

Considering the stability threshold, bearing type 2 is the best one for G>0.5'10 4 kg/s, while 

for G<0.5'10 4 kg/s bearing 1 is to be preferred. 
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Fig. 17. Rotor mass m at stability threshold vs. bearing number A for the three bearings 
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Fig. 18. Bearing stiffness k* vs. air consumption for the three bearings; a) qj=0 rpm, b) 
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Fig. 19. Rotor mass at stability threshold vs. air consumption for the three bearings 

5. Conclusion 

Three bearing types were compared for different restriction parameters. 

Bearing type 1 featured four supply ports situated in the bearing centre plane. Bearing type 

2 featured two sets of supply ports, situated at z=L/4 and z=3L/4. Bearing type 3 also 

featured a central vented circumferential chamber. 

The following conclusions were drawn: 

• bearing type 2 in general is to be preferred to the other bearing types because of the 
higher stiffness and stability threshold at equal air consumption; 

• with increasing A, the attitude angle went from zero to max. subsequently returning to 
zero; max. value was proportional to the difference between bearing stiffness at low and 
at high speeds; 

• at the stability threshold the whirl ratio was slightly lower than 0.5; 

• the curve of ra t h vs. A on the logarithmic axes was linear and with changing restriction 
parameters the shaft critical mass changed by a factor regardless of speed. 



6. List of symbols 

D bearing diameter 

F bearing force on journal 

G air mass flow rate 

L bearing axial length 

R s pneumatic resistance of the supply hole 

Rh pneumatic resistance of clearance 

R° gas constant, in calculations R°=287.6 m 2 /s 2 K 

Re Reynolds number 

T° absolute temperature, in calculations T°=288 K 
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b ratio of critical pressure to admission pressure, fr=0.528 

c damping coefficient 

Cd supply hole discharge coefficient 

h local air clearance 

ho clearance with rotor in centred position 

k bearing radial stiffness 

k* non-dimensional bearing radial stiffness 

m rotor mass 

ra t h rotor mass at stability threshold 

n,m number of nodes along axial and circumferential directions 

x,y,z cartesian coordinates 

p a ambient pressure 

p c supply hole downstream pressure 

p s bearing supply pressure 

r, 6,z cylindrical coordinates 

t time 

A bearing number, A=6moo/p a -(D/2ho) 2 

p steady attitude angle 

y whirl ratio, y = v/co 

s eccentricity ratio 

/j dynamic viscosity, in calculations //=17.89'10 6 Pa's 

v whirl frequency 

£ bearing damping factor 

co rotor angular speed 
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